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ABSTRACT
In the Williston Basin, the Winnipegosis Formation is the major
carbonate unit of the initial transgressive-regressive pulse of the
Kaskaskia sequence.

Twenty-two lithofacies were identified by

well-log, core, and thin-section studies of Winnipegosis rocks; these
belong to seven environments of deposition which include deep basin,
deep shelf, shallow shelf, reef, lagoon, tidal flat, and evaporite
basin.

The deposition of the Winnipegosis and Prairie Formations were

inter-related and occurred during six episodes.

Following a brief

hiatus separating the underlying Ashern Formation from the
Winnipegosis, a clear, quiet, shallow-marine environment became
established in the North Dakota portion of the Elk Point Basin.

Beds

deposited during this First Episode are found in the central, deepest
part of the Basin and pinch out laterally.
Beds of the Second Episode overstep those below indicating the
extent of maximum, marine transgression.

At this time, the basin

differentialted into two distinct regions due to rapid sea-level rise
accompanied by varying amounts of carbonate production: 1) a deep basin
where slow deposition gave rise to a deep-marine environment with
scattered, atoll-like, pinnacle reefs, and 2) a peripheral, carbonate
shelf where, proceeding landward, there developed shallow-marine,
patch-reef, lagoon, and tidal-flat environments.
Evaporite beds that formed during the Third (dolostone and
anhydrite) and Fourth (Prairie; halite) Episodes were restricted to the
initially deep, inter-reef basin, filling it to the level of the top of
the pinnacle reefs.

In this evaporite basin, there was increase in

salinity and decrease in water depth due to evaporative drawdown.
xvii
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Beds

formed during the Fifth Episode were tidal-flat deposits that
accumulated over sites of former, pinnacle reefs and shelves with
continued deposition of halite elsewhere.

Additional Prairie halite

(Sixth Episode) filled the remainder of the Basin.
Diagenesis of Winnipegosis rocks took place during six stages of
diagenesis: syndepositional 1, eogenetic 1, telogenetic,
syndepositional 2, eogenetic 2, and mesogenetic stages of diagenesis.
Dolomitization is the major diagenetic process in Winnipegosis rocks.
It has altered rocks from the pinnacle reefs and shelf-margin, patch
reefs producing intercrystal porosity that, along with intraparticle,
moldic, growth-framework, and solution-vug types of porosity produced
rocks with the greatest oil potential.
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INTRODUCTION

The discovery of petroleum in the Middle Devonian Winnipegosis
Formation in Saskatchewan and in the correlative Keg River Formation at
Rainbow and Zama, Alberta, resulted in the launching of a research
program into these units in Canada.

Although production has not been

as extensive from this interval in eastern Montana and in North Dakota
(Kornfeld and Travis, 1967; Kinard and Cronoble, 1969), interest in the
Winnipegosis has increased.

Regional tectonic setting
The Elk Point Basin (Fig. 1) is a term used for the large basin in
the north-central United States and west-central Canada that existed as
a prominent feature during early and middle Devonian time but that may
have influenced depositional patterns throughout the remainder of the
Devonian.

The southeastern portion of this basin is more generally

known as the Williston Basin.

The Williston Basin was a distinct

entity prior to and subsequent to the Devonian; but especially during
the early and middle Devonian, the Williston Basin was essentially the
southern part of the much more extensive, elongate, northwest-southeast
trending Elk Point Basin (Fig. 1).

The Williston Basin became

connected to the Elk Point Basin at this time due to uplift of the
Transcontinental arch to the southeast that was, in turn, linked to the
Antler or Acadian orogenies (Gerhard and others, 1982a, 1982b, 1982c).
Subsequent references in this study to the "Basin" refer to the Elk

1
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Figure 1
Index map showing the location of the Williston Basin and the Elk Point
Basin in the United States and Canada (Graystori and others, 1964;
Worsley and Fuzesy, 1978). In addition, the paleolatitude lines and
tradewind direction (Heckel and Witzke, 1979) for the Middle Devonian
and the postulated, pre-erosional, eastern limit of the Elk Point Basin
(Maiklem, 1971) are indicated.
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Point Basin.
During the Middle Devonian, the Elk Point Basin was bounded by the
Precambrian Shield to the northeast and east (Fig. 2), by the Siouxia
or Transcontinental arch (Porter and others, 1982) to the southeast and
south, by the Black Hills uplift to the southwest.

The western margin

of the Basin was bounded by the central Montana and Sweetgrass arches
(Baars, 1972), Swift Current platform (Kent, 1967), Southern Alberta
arch-Bearpaw anticline (Kent, 1964), Western Alberta ridge, and to the
northwest by the Peace River arch (Grayston and others, 1964).

The

Western Alberta ridge maintained a barrier between the Elk Point Basin
in Alberta and the open ocean to the west in British Columbia (Norford,
1981).

This Basin was connected to the open ocean north of the Peace

River arch in the southwestern Northwest Territories (District of
Mackenzie).

The western shelf edge was located in northeastern British

Columbia and southwestern Northwest Territories and a carbonate shelf
extended (Noble and Ferguson, 1971) northward in the northwestern part
of the Northwest Territories.

The Williston Basin had no direct

connection with the open ocean to the west during Early and Middle
Devonian time (Baars, 1972).
A barrier-reef complex extended across the mouth of the Basin from
northeastern British Columbia across northwestern Alberta to
southwestern Northwest Territories.

The Keg River Formation

(Winnipegosis equivalent) was the first of three successive pulses of
reef growth along this Middle and Late Devonian Presqu'ile barrier-reef
complex (Fig. 3A) (Hriskevich, 1967; Davies, 1975).

Each separate

environment of deposition of the Presqu'ile barrier-reef complex has
been named as a separate formation (Morrow, 1973, 1979).

T
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Figure 2
Index map showing location of structures present during the Middle
Devonian in and near the Elk Point Basin with details of
Presqu'ile barrier-reef complex in insert (Hriskevich, 1967; McCamis
and Griffith, 1967).
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Figure 3
Relationship of formations to the Presqu'ile barrier-reef complex
during both the Middle and Late Devonian.
•
A.

The Keg River (Winnipegosis equivalent), Sulphur Point, and Slave
Point Formations along the barrier-reef complex illustrate three
successive pulses of reef growth in one location (modified from
Davies, 1975). The pulses include, in ascending order, the Keg
River - Pine Point - Presqui'le, the Sulphur Point, and the
Slave Point Formations.

B.

Diagram illustrating the Middle Devonian Presqui'le barrier-reef
complex. Each environment has been identified as a separate
formation (modified from Morrow, 1973).
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from the Elk Point Basin: Muskeg (evaporites), Keg River (pinnacle
reefs), Pine Point (back-reef and sabkha), and Presqu'ile (active reef)
Formations (Fig. 3B).

Actually the Presqu'ile barrier-reef complex was

composed of two sets of barrier reefs (insert map in Fig. 2): the
Shekilie and Koepicho (northwest) and Hay River (southeast) barriers
with pinnacle and atoll reefs on both sides.

These reefs were exposed

during one or more of the low-water episodes which occurred in the Elk
Point Basin to the south (Fuller and Pollock, 1972).
subbasin developed between these barriers.

The Black Creek

Two pinnacle-reef trends

developed in the subbasin which include the highly productive Rainbow
and Zama fields.

To the northeast of the barrier-reef complex, in the

northern part of the Great Slave Lake area, the Lonely Bay Formation
(equivalent to the Lower Keg River Member) has been interpreted to be a
platform lithofacies, and the Horn Plateau Formation (equivalent to the
Upper Keg River Reef Member) as reefs and shelf carbonates.
Ancient structural features within the Elk Point Basin which may
have affected Winnipegosis deposition in North Dakota are the Nesson
and Cedar Creek anticlines, and the boundary between the Precambrian
Churchill and Superior Provinces.

The southern and southeastern edges

of the Winnipegosis are erosional due to pre-Jurassic erosion (Grayston
and others, 1964), and the northeastern edge of the Winnipegosis has
been influenced by pre-Cretaceous erosion.

Although the Elk Point

Basin extended farther to the east and northeast than at present, it is
uncertain whether it connected at times to the Hudson Bay Basin (Norris
and others, 1982; Williams, 1984).

Maiklem (1971) has indicated one

possible reconstructed northeastern edge for the Basin (Fig. 1).
Winnipegosis deposition in Saskatchewan was influenced by the

T
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Elbow-Weyburn and Meadow Lake basins and the central Saskatoon reefs
(Kent, 1967; Wardlaw and Reinson, 1971; Reinson and Wardlaw, 1972).
Shallow marine deposition took place (Jones, 1964, 1965b) on the Dakota
and Manitoba shelves (Fig. 2).

The Devonian equator lay in northern

Northwest Territories, and the North Dakota part of the Elk Point Basin
was located at approximately 20 degrees South latitude (Fig. 1), with
the trade winds coming from the present-day northeast (Heckel and
Witzke, 1979).
Today, rocks of the Winnipegosis and its equivalents crop out in
Manitoba (Baillie, 1953b; Norris and others, 1982), along the McLean
and Contact Rapids Rivers of west-central Saskatchewan (Paterson and
others, 1978), along the Horn River (Fuller and Pollock, 1972) and the
Nahanni Range of the Northwest Territories, along the Alaska Highway in
British Columbia, and east of Windemere in northeastern British
Columbia (Grayston and others, 1964).

The remainder of the

Winnipegosis and Keg River Formations occurs in the subsurface,
including all of the Winnipegosis in North Dakota.

Stratigraphic correlation
In the north-central United States, the Winnipegosis Formation
(Middle Devonian) is present in the subsurface in northwestern North
Dakota and northeastern Montana (Fig. 4A).

The Winnipegosis Formation

in the subsurface includes the Elm Point and Winnipegosis Formations of
the Manitoba outcrop area (Baillie, 1953b).

The Winnipegosis Formation

overlies the Ashern Formation and is overlain in the center of the
Basin by evaporites of the Prairie Formation.

On the southeastern,

southern, and southwestern margins of the Elk Point Basin, evaporites

1
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Figure 4
Correlation of the Winnipegosis Formation in the Elk Point Basin and
map where Winnipegosis and correlative formation names are applied.
A.

Correlation of stratigraphic sections for the Lower and Middle
Devonian Elk Point Basin and nearby open ocean. Formation names
appear in upper case; member names in upper and lower case.

B.

Map of the geographic areas where Winnipegosis and its regional
correlative formations are applied.
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of the Prairie pinch out due to dissolution and nondeposition, and
dolostones of the Prairie Formation overlie the Winnipegosis.
Northward in Canada, the Winnipegosis occurs in southeastern
Manitoba, southern and central Saskatchewan, and south-central Alberta.
In the Elk Point Basin northwestward, the Winnipegosis is correlated
with the "Methy" Dolomite (Fig. 4B) of west-central Saskatchewan and
east-central Alberta (Norris, 1963), with the Keg River Formation of
northern Alberta (Craig and others, 1967) and northeastern British
Columbia, and with the lower part of the Pine Point and Presqu'ile
Formations in southern Northwest Territories (Grayston and others,
1964).

Farther to the north, the Winnipegosis is correlated with the

Lonely Bay and Horn Plateau Formations (Fuller and Pollock, 1972; Volpi
and Lerbekmo, 1972), with the lower part of the Horn River Formation
(Williams, 1983) of the Great Slave Lake area, with the upper part of
the Headless and Nahanni Formations in the southern Yukon and
southwestern Northwest Territories (Morrow, 1984), with the upper part
of the Hume Formation in the Mackenzie River region (Law, 1971; Noble
and Ferguson, 1971), and possibly, in part, with the upper part of the
Harrogate (Belyea and Norford, 1967) and Mount Forster Formations in
southeastern British Columbia (Norford, 1981).

The Headless and

Harrogate shales are the open marine deposits equivalent to the Elk
Point Basin carbonates (Hriskevich, 1967).

The Winnipegosis Formation

has also been correlated with the upper part of the Wapsipinicon
Formation of eastern Iowa and with the Dundee and Rogers City
Formations and the lower part of the Traverse Group of the Thunder Bay
area of Michigan (Cooper and Phelan, 1966; Norris and others, 1982),
and the Miami Bend Formation of Indiana (Norris and Uyeno, 1971).

T
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Age determination and early previous work (1893 - 1963)
Based on rocks that crop out on the shores and islands of Lakes
Manitoba and Winnipegosis, Tyrell (1893, p. 200, 204) named the
Winnipegosan Formation.

The name was subsequently changed (Baillie,

1953b, p. 20) to Winnipegosis to avoid the time connotation of the
original term.

Whiteaves (1891, 1892) dated rocks of the Winnipegosis

as Middle Devonian.

The Winnipegosis is considered to belong to the

upper Eifelian to middle Givetian Stage (according to the European
stages; Jones, 1965b) or the Cazenovian Stage of the Erian Series
(according to American stage usage; Cooper and Phelan, 1966).

Based on

conodont zonation, the Winnipegosis Formation belongs to the
Polygnathus kockelianus and the

f.:..

ensensis Zones, and the lower

part of the Prairie Formation belongs to the
and others, 1985).

f.:..

varcus Zone (Johnson

In general, age assignment and correlation with

other formations (Fig. 4A) have been based upon the presence of the
brachiopod, Stringocephalus burtini (Kindle, 1921; Warren and Stelck,
1962; Brindle and Lane, 1963).

The beginning of the Eifelian to the

end of the Givetian Stages spanned a period from 390 to 385 my bp
(Salvador, 1985).
From other outcrops in Manitoba, Kindle (1914) described a
15-metre (SO-ft) unit of thin-bedded limestone which he named the Elm
Point Formation.

This unit lies stratigraphically below Tyrell's

"Winnipegosan" Formation.

In the outcrop area of Manitoba, the Dawson

Bay Formation overlies the Winnipegosis.

Wallace discussed the

lithology (1915) and fossils (1925) of the Elm Point and Winnipegosis
Formations.

Baillie (1951) recognized and described the Winnipegosis

"bioherm and interbioherm" lithofacies from the outcrop region,

T
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Subsequently, Baillie (1953a, 1953b, 1955, 1956) traced the Elm Point,
Winnipegosis and Ashern from the Manitoba outcrops into the subsurface
of Manitoba, Saskatchewan, North Dakota, and Montana.

In the

subsurface, he encountered evaporites located between the Winnipegosis
and Dawson Bay Formations that he named the Prairie Evaporite Formation
(1953b, 1955); the name was shortened (Sandberg and Hammond, 1958) to
the Prairie Formation, to correspond to binomial nomenclature, although
the name Prairie Evaporite Formation is still used by some in Manitoba
(e.g., Norris and others, 1982).

In the outcrop belt, the Winnipegosis

Formation is composed of dolostones.

The underlying Elm Point

Formation, recognized as limestone in its outcrop belt, becomes
increasingly dolomitic westward until, in the subsurface, it becomes
impossible to differentiate it from the overlying dolostones of the
Winnipegosis.

Therefore, for the subsurface, Baillie redefined the

Winnipegosis Formation to include within it all dolostones.

He also

claimed that the "Methy" Dolomite (Fig. 4B) of east-central Alberta and
west-central Saskatchewan, cited and described by Cameron (1922) and
Greiner (1956), was an equivalent of the Winnipegosis.

Since the name

"Methy Dolomite" was never formally defined, strata referable to this
unit are now more properly called Winnipegosis (Grayston and others,
1964; Paterson and others, 1978) although references to "Methy" still
occur (e.g., Norris and others, 1982).
In east-central Alberta, McGehee (1949) described the Elk Point
Formation from the subsurface and traced it (1952) from eastern Alberta
southeastward to the Williston Basin and to northeastern British
Columbia (Crickmay, 1954).

status (Belyea, 1952).

1

The Elk Point Formation was raised to group

Subsequently, Baillie (1953b) defined the Elk
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Point Group in Saskatchewan and Manitoba to include the Ashern to
Prairie Formations.

Law (1955a, 1955b) traced the Elk Point Group in

the subsurface to northwestern Alberta where he introduced new
formation names (Chinchaga, Keg River, Muskeg, Watt Mountain).
Walker (1956) described some of the diagenetic changes that have
affected the Winnipegosis Formation in western Saskatchewan.

He (1957,

p. 22) also characterized the Devonian rocks as representing three
carbonate to evaporitic cycles; the first of these cycles includes the
Ashern, Winnipegosis, and Prairie Formations.

Lane (1959) also

recognized three Devonian "cycles" in southeastern Saskatchewan; Edie
(1958, 1959) described the Elk Point Group in central Saskatchewan.
Van Hees (1956) considered the base of the Ashern as the boundary
for upper and lower divisions of the Elk Point Group and he revised the
upper boundary of the upper Elk Point division to include the Dawson
Bay Formation.

Grayston and others (1964) considered the upper and

lower divisions of the Elk Point Group to be subgroups.

Following a

proposal by Sherwin (1962), they revised the boundary between subgroups
at the base of the Winnipegosis and Keg River carbonates.

Sandberg and

Hammond (1958) redefined the Winnipegosis in the United States (North
Dakota and Montana) to include the Ashern Formation.

The Winnipegosis

also has been divided into basin and margin "facies" by Sandberg (1961)
and Sandberg and Mapel (1967).
McKennitt (1962) and Yant (1960, 1962) discussed the economic
possibilities and environments of deposition for the Winnipegosis
Formation in the subsurface of southwestern Manitoba and in westcentral Saskatchewan, respectively.

Fuller and Porter (1962) published

a stratigraphic cross section, that extended from northern North Dakota

l
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to eastern Alberta, and which illustrated the rhythmic style of
sedimentation, the marginal transgressions, and the shifting centers of
sediment accumulation.
Sherwin (1962) traced the lower Elk Point Subgroup to southern
Saskatchewan, naming the Contact Rapids Formation.

Therefore, the Keg

River Formation overlies the Chinchaga Formation in northern
Saskatchewan and the Winnipegosis Formation overlies the Contact Rapids
Formation in southern Saskatchewan (Fig. 4A).
In Canada, the Prairie Formation is subdivided into two members: a
lower member found in the "inter-reef" areas and an upper member which
covers the entire area.

The lower member is composed of anhydrite

nearest the reefs and halite in the central "inter-reef" areas, and the
upper member is composed of halite with minor potash beds (Wardlaw and
Reinson, 1971).

The underlying Winnipegosis reefs may have risen close

to or even above the level at which the first potash beds were
deposited in parts of the Basin (Baar, 1974).
Carlson and Anderson (1965) considered the anhydrites, which
overlie limestones and dolostones in the inter-reef basin, to be part
of the upper member of the Winnipegosis.

However, S. B. Anderson of

the North Dakota Geological Survey then placed these anhydrites in the
overlying Prairie Formation (personal communication, 1978).

As this

study progressed and the nature of these anhydrites became known,
however, they are again considered to be uppermost Winnipegosis
(personal communication, S. B. Anderson, 1982, North Dakota Geological
Survey).

For the purpose of this study, the top of the Winnipegosis

Formation is placed at the base of the major Prairie salt above both
the inter-reef anhydrites and any shelf anhydrite-dolostone "mixed"

T
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zone.

A discussion of the reasons for this placement is found in the

chapter on Stratigraphy.

The Ashern/Winnipegosis problem
There is a problem in defining the boundaries of the Ashern
Formation in the subsurface.

At the Manitoba outcrops, the Ashern

consists of brick-red, dolomitic siltstones and shales that grade
upward through variegated green and red shales into minor gray,
argillaceous carbonates.

These "upper gray beds" thicken into North

Dakota (North Dakota Geological Society, 1961) where they may range up
to 55 metres (180 ft) thick.
dark gray or black.

These beds also darken in North Dakota to

These "upper gray beds" can be discerned on

mechanical logs by their argillaceous content.

The problem is as

follows: do these gray beds belong to the underlying Ashern Formation
or to the overlying Winnipegosis Formation?

On the basis of an

examination of the literature (e.g., Baillie, 1955; Walker, 1956;
Sandberg and Hammond, 1958; Jones, 1965b) and comparison of the
published formation descriptions, log cross sections, and early cores
available, the separation of these rocks into two formations, the
Ashern (red siltstones underlying dark gray dolostones) and the
Winnipegosis (clean carbonates), is accepted in this study.
Lobdell (1984) conducted a study of the entire Ashern Formation
that included both the lower redbeds and the upper gray beds.

He

considered this entire argillaceous interval to be the Ashern,
following the Canadian usage.

The overlying clean carbonates are here

considered to be entirely Winnipegosis Formation and the approximate
position of the upper and lower members of the Winnipegosis is

T
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accepted, following the usage of Jones (1964, 1965b).

Therefore, it is

the "clean carbonates" that are the subject of this study.

Modern previous work from Canada (1964 - 1987)
Modern petrologic studies of the Winnipegosis Formation began with
Jones (1964, 1965a, 1965b, 1966), who published detailed subsurface
studies of the Winnipegosis in Saskatchewan.

He (1964, 1965b) divided

the Winnipegosis Formation into lower and upper members and described
them in detail, including lithology, faunal content, correlations and
age relationships, sedimentation, tectonic setting, and diagenesis.

He

interpreted the lower Winnipegosis member to represent deposition in a
broad, shallow epicontinental sea that was followed by the development
of banks on the broad Manitoba and Dakota shelves (upper member) during
continued marine transgression.

He separated the upper member into

basin and shelf lithofacies and, in turn, subdivided the basin
lithofacies into laminated carbonate (basinal) and bank (reef)
subfacies.

He identified a widespread, but thin, sapropelic bed

several tens of feet above the base of the clean Winnipegosis
carbonates.
reading.

This sapropelic bed has a high (or "hot") gamma-ray

He placed the boundary between the lower and upper members at

this sapropelic bed.

This thin bed has not been recognized in core in

North Dakota, but an attempt was made to trace the distinctive well-log
response it produces into North Dakota.

A discussion of the results

follows in the chapter on Stratigraphy.
McCabe (1967) discussed the tectonic framework of the Paleozoic
formations in Manitoba, especially the Birdtail-Waskada axis (Fig. 2),
which marks the present eastern edge of the Prairie salt-basin solution
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edge, the western edge of the shelf margin on the east side of the Elk
Point Basin, and is coincident with the projected Churchill-Superior
Province boundary zone of the Precambrian basement.

Several authors

who attended the International Symposium on the Devonian System
summarized what was known to that date of the Devonian from Manitoba
and Saskatchewan (Kent, 1967), northern Rocky Mountains and plains
(Sandberg and Mapel, 1967), western Canada (Bassett and Stout, 1967),
northeast British Columbia (Griffin, 1967), and northern Yukon
Territory and the adjacent area of the District of Mackenzie, Northwest
Territories (Norris, 1967).
Kinard and Cronoble (1969) identified restricted lagoon and shoal
environments in the Winnipegosis in eastern Montana.

Thin sections

from these upper rocks from two wells in this area of Montana (Appendix
F) were examined during the present .study and were interpreted to have
been deposited in a restricted lagoon.

Streeton (1971) described the

environments of deposition for west-central Saskatchewan.
In the Elk Point Basin, Fuller and Porter (1969a, 1969b) reported
the development of reefs followed by a substantial lowering of sea
level exposing the Winnipegosis reefs, with development of a supratidal
environment in the inter-reef basin.

The laminated anhydrites

deposited within this basin have been interpreted by Shearman and
Fuller (1969a, 1969b) to have been algal-mat material prior to
replacement.

To further support these interpretations, Shearman (1974)

found organic matter in the laminites.
However, due to the visual and statistical correlation of these
laminites over distance as great as 25 kilometres (15 mi), another
group of investigators has interpreted these laminites, in both the
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Winnipegosis and Keg River Formations, as the result of deep-water
deposition (Davies and Ludlam, 1971, 1973; Klingspor, 1969).

Wardlaw

and Reinson (1971) also found laminites, which they named the Ratner
Member, laterally persistent for over 164 kilometres (100 mi).

Reinson

and Wardlaw (1972) proposed a series of events that lead to the filling
of the inter-reef basin with evaporites.
When the sea became hypersaline in the Elk Point Basin, reef
development apparently ceased within the Basin (Baars, 1972) but
development of reefs continued intermittently along the barrier-reef
trend into the Late Devonian (Fig. 3A).

Then, the inter-reef basins

were filled with salt as the water level dropped at least 30 metres
(100 ft) due to evaporative drawdown soon after termination of reef and

•

mound development (Maiklem, 1971).

The brine levels kept falling

(Baar, 1974) during the periods of evaporation in excess of inflow.

It

may have taken only a few thousand years for the Prairie salts to fill
the basin (Wardlaw and Schwerdtner, 1966).

Bebout and Maiklem (1973a,

1973b) studied the varieties of anhydrite found in the Keg River
Formation and recognized anhydrites formed in deep-water, shallowwater, and supratidal environments of deposition, and one type of
anhydrite formed by diagenesis.
In southern Saskatchewan, Kendall (1973, 1976) considered the
Ratner Member laminites to be basal Prairie (not Winnipegosis).

He

found a finely laminated limestone unit, underlying the Ratner Member,
which he interpreted as turbidite deposits that formed in a starved
basin at the same time as the banks.

Kendall (1979) found that the

mound complexes were flanked by younger laminated carbonate rocks
(Ratner Member), largely replaced by anhydrite.

T

These beds overlie the
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starved-basin deposits described above and interfinger basinward with
Prairie halite.
In southeastern Saskatchewan, Fuzesy (1975, 1976) described and
erected three members of the Winnipegosis.

He considered the lower

Winnipegosis (Maxim Member) to have been deposited in a semi-restricted
subtidal environment.

The massive banks and the thin, inter-bank,

laminated carbonates he considered to be the Regway Member.

He

interpreted these lower laminated carbonates to have been formed in a
shallow, semi-restricted to restricted, quiet-water environment.

The

upper inter-bank laminites are composed of a mixture of dolostone and
anhydrite.

These latter laminites, and similar lithologies found upon

the banks and shelves, he named the Beaver Member and interpreted them
to have been deposited in lagoons, salt water ponds, and extensive,
supratidal, evaporitic pans.

He (1980) reported similar lithologies

and environments in west-central Saskatchewan.

Members of the

Winnipegosis Formation as proposed by various authors are correlated
with the episodes of deposition recognized in this study (Fig. 5).
In northwestern Alberta and southwestern-most Northwest
Territories, the discovery of petroleum in the reef lithofacies of the
Keg River Formation at Rainbow and later at Zama, Alberta (insert on
Fig. 2), has generated much interest in the organic lithofacies of the
pinnacle reef and associated environments.

Petrologic study of the Keg

River Formation by McCamis and Griffith (1967, 1968, 1975) resulted in
description of lithofacies and environments of deposition of the Zama
area.

They proposed both a Lower Keg River Member and an Upper Keg

River Reef Member.

Langton and Chin (1968a, 1968b, 1975) similarly

studied the Rainbow area.

T

They recognized fourteen lithofacies from
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Figure 5
Nomenclature of Winnipegosis members from the literature and their
correspondence with depositional episodes recognized in this study.
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six environments.

The reasons for the different reef morphologies have

been critically evaluated by Barss and others (1968, 1970).

They also

identified five reservoir lithofacies in the Rainbow area.
Comparable studies were conducted on the northeast portion of the
Presqu'ile barrier-reef complex.

In the southern part of the Great

Slave Lake area (Mackenzie District of Northwest Territories), the Pine
Point and Presqu'ile Formations (named by Cameron, 1922) were first
interpreted to be fore-reef and reef deposits respectively (Law, 1955a)
and were correlated with the upper portion of the Winnipegosis-Keg
River and the Prairie-Muskeg Formations.

The southwest part of the

Presqu'ile barrier-reef complex (Fig. 3B) was studied in British
Columbia, where each environment of deposition has been identified as a
separate formation (Morrow, 1973, 1979).
Since the original studies, the outcrop region of Manitoba has
been studied in greater detail.
with the subsurface.

McCabe (1972) related the outcrops

Norris and Uyeno (1971) summarized the

stratigraphy and conodont faunas of the outcrop belt.

McCabe and

Barchyn (1982) interpreted the Elm Point Formation (equivalent to lower
Winnipegosis Member in the subsurface) as a platform lithofacies.
Norris and others (1982) defined lower and upper members of the
Winnipegosis Formation for Manitoba.

They also identified four

southeast-northwest trending lithofacies belts in the Winnipegosis
Formation.

Beginning with the shelf and proceeding basinward, these

lithofacies belts include a shelf or fringing bank lithofacies,
shelf-edge reef complex, basin-flank lithofacies with reefal
structures, and deep basinal lithofacies with pinnacle reefs.

Part of

Appendix F consists of descriptions of quarries visited during the

T
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present study and of rocks collected from some of these lithofacies.
Additional studies in the Elk Point Basin include: a summary of
environments (Wilson, 1975), a review of the history of exploration and
previous research (Hriskevich, 1970), examinations of early diagenetic
carbonate cementation of reefs (Schmidt, 1971; Schmidt and others,
1980), computer-generated maps using digitized and analyzed sonic and
density logs (Davis, 1972), a comparison of Devonian reef complexes in
Canada with ones in western Europe (Krebs and Mountjoy, 1972), a
conodont study (Chatterton, 1976), an illustrated use of a detailed
seismic survey to locate banks within the Keg River (Evans, 1972) and
Winnipegosis (Gendzwill, 1978a, 1978b) Formations, and a summary of
lithofacies and diagenesis of the Winnipegosis Formation in southcentral Saskatchewan (Wilson, 1984).

Kent (1984) summarized some of

the Winnipegosis literature.
Perrin (1981) traced reef lithofacies within North Dakota from
areas of the Basin where rocks were well preserved to areas where the
rocks had been greatly altered by diagenesis, with the recognition of
patterns of porosity.

Depositional environments (Perrin, 1982a) as

well as major diagenetic features (1982b) were summarized for North
Dakota.

Burke and others presented a poster session of Kaskaskia

sequence rocks (1982a) and of selected pre-Permian rocks in the
Williston Basin of North Dakota (1982b, 1983).

The poster for the

Winnipegosis Formation included a log cross section, color photographs
of thin sections, and representative rock slabs from North Dakota.
Perrin and Precht (1985) summarized the environments of deposition,
diagenesis, and paleoecology of selected reef cores of the Winnipegosis
Formation for North Dakota; Precht (1986) discussed oil potential for

1
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pinnacle reefs.

Purpose
The purpose of the present work is to present results of a modern
carbonate study of the Winnipegosis Formation in the subsurface of
North Dakota.

In order to accomplish this purpose, the study was

broken into the following parts:
(1)

examination of the stratigraphic relationships of the
Winnipegosis Formation,

(2)

lithofacies analysis of these rocks in order to determine
the environments of deposition which were present,

(3)

reconstruction of the geologic history of the North Dakota
portion of the Elk Point Basin during lower Middle Devonian
time,

(4)

determination of the diagenetic history of these rocks, and

(5)

determination of the origin of and alteration of porosity
within the formation.

Methods
Data analysis and interpretation were based on 732 mechanical well
logs, 39 cores, 625 representative core slabs, and 1043 petrographic
thin sections.

The numbering system used for core samples (e.g., NDGS

Well No. 6535-6782C) includes the North Dakota Geological Survey (NDGS)
well number and, following the dash, the second number is the depth in
feet from the Kelly bushing down to the sample taken.

When more than

one sample was taken from the same foot-interval, A, B, C, etc. were
indicated, "A" was taken from the top of the interval, etc.

T

When the
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core sample (NDGS Well No. 6535-6630/31) covered part of more than one
foot-interval, both numbers were indicated separated with a slash.

The

numbering of thin sections (NDGS Well No. 6535-6625.3) is similar but
the foot-interval was subdivided into tenths of a foot.

Lithologies

used in the description of lithofacies were interpreted from a
combination of well logs, Amstrat descriptions, and cores.
All mechanical logs of wells, stored in the log room of the North
Dakota Geological Survey, which penetrated the Winnipegosis Formation
(as of 8-18-1981), were studied to determine stratigraphic correlation
and gross stratigraphic and environmental interpretation throughout
that part of the state where the Winnipegosis occurs in the subsurface.
The depths (in feet) measured from the Kelly bushing elevation (KB) to
the top and bottom of the Winnipegosis Formation, as previously
defined, were picked from these well logs.

The name of operator and

location of wells used are given in Appendix A; the elevation of the
Kelly bushing (KB), the depths from the Kelly bushing to the top and
bottom of the Winnipegosis as well as the computed stratigraphic
thickness are listed in Appendix B.

A structural contour map on the

top of the Winnipegosis Formation (Fig. 15) and an isopach map of the
formation in North Dakota (Fig. 16) were constructed.
Six cross sections (Fig. 17) were constructed using representative
well logs in order to illustrate both the correlation of the
Winnipegosis Formation throughout the state, and the stratigraphic
changes which take place.

Three east-west cross sections (A - A',

B - B', and C - C') are found on Plate 1 (pocket) and three north-south
cross sections (D - D', E - E', and F - F') on Plate 2 (pocket).
The 39 cores of the Winnipegosis Formation, stored in the Wilson

l
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M. Laird Core and Sample Library (as of 8-30-1982), vary in
stratigraphic position as well as length (Fig. 6).

Most of these cores

are from the northwestern part of the state (Fig. 7).

For each core,

the NDGS well number, name and location of well, storage-tray numbers
of representative slabs, and the storage-box numbers of thin sections
are indicated in Table 1.

Logs for each core, with cored interval and

interpreted depositional environments, are indicated on Appendix C.
The 39 cores that were studied represent a total of over 914 metres
(3000 ft) of rock that was examined using a ten-power hand lens and,
occasionally, a low-power stereomicroscope.

Dolomite was identified in

core by the application of ten per cent hydrochloric acid and in thin
section by staining with Alizarin Red Sor with a combination stain
that distinguishes amoung ferroan calcite, ferroan dolomite, calcite
and dolomite (Friedman, 1959; Evamy, 1963; Dickson, 1965).

The core

was described by rock interval chosen for similar lithology within the
interval; differences between intervals were due to changes in
mineralogy, color, textures, or faunal content.
found in Appendix D.

Core descriptions are

Petrographic terminology for the study is based

on Dunham's (1962) classification of carbonate rocks (Fig. 8).
Slabs were prepared both for typical and occasionally atypical
representative lithologies.

Core slabs and thin sections were prepared

using equipment in the Carbonate Studies Laboratory at the University
of North Dakota.

Supplies were provided by the Laboratory.

The slabs

form a reference collection for the Winnipegosis Formation and are
available for inspection in the Wilson M. Laird Core and Sample
Library.

Twelve boxes containing thin sections made for this study are

stored with the North Dakota Geological Survey.

Thin sections were
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Figure 6
Diagram showing the position and length of each core in the
Winnipegosis Formation (based upon top and bottom log depths).
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Figure 7
Index map of North Dakota showing the location of the wells with
cores in the Winnipegosis Formation.
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Figure 8
Dunham's (1962) carbonate classification.

I

DUNHAM'S ( 1962) CARBONATE CLASSIFICATION
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TABLE 1
SUMMARY OF CORED WELL INFORMATION: NORTII DAl'.OTA GF.OLOGICAL SURVEY WELL
NUMBER, WELL NAME, LOCATION, SLAB AND TIIIN SECTION STORAGE NUMBERS
NDGS

SLAB STORAGE
TRAY NUMBERS

TIIIN SECTION STORAGE
BOX NUMBER/SLOTS

WELL NO.

WELL NAME

38
286
2219
2596
2638
4790
4918
4924
5184
5277
5280
5692
6535

BOTTINEAU COUNTY
California--lb011pson #
Lion-Erickson# 1
California--Henry # 4
Phillipa-Brandt# 1
Phillipa--Brandvold # 1
Union-Steen I 1
Marathon--Adams # 1
Union-Huber# l-A-2
Champlin--Dunbar # 1-42-14
HcHoran-Tonneaon I l
McHoran--Deraas # 1
(irby-Brooks I 1
Shell--{;reek # 41-2

2800

BURlE COUNTY
Sunray Dx--Gagnum I

SW NW 13-163-89

17A

8/24-39

4423
5246
6603

DIVIDE COUNTY
Pan Aaerican-Raaua I 1
Shell-Tanberg I 1
Chapman--State # 1-A

NW SW 26-162-101
NE NE 5-161-95
SW SW 36-160-96

25C
18, 19A
22B

10/1-64

23B
23A

7/38-47
6/1-100; 7/1-37

1-156-77
NE SW 34-157-76
SW SW 16-158-75
NE NE 34-158-77

lOB
6
3B
4, SA

2/1-31; L/14
1/66-79
1/81-97; L/18-19

505
793

LOCATION

5279
5281
5283

NW

NE
SE
SW
SW
NE
NE

SE
NE
SW
NW
SE
SE
SW
NE
NE
SW
SW
NW
NE

31-160-81
32-164-78
6-161-79
19-160-80
12-162-78
20-159-81
33-161-82
2-161-81
14-162-77
11-162-77
24-161-76
32-159-82
2-161-83

DUNN COUNTY
Socony-Vacuua--Dvorak I F-42-G-P SE NE 6-141-94
Hobil--Birdbear # F-22-22-1
SE NW 22-149-91
HcHEHRY COUNTY

5185

SW
SW
SE
SE
SW
SE

Champlin-Beat# 14-1
HcHoran-State # 1
HcHoran--State # 2
HcHoran-Fairbrother I

SW SW

K>U.NTRAIL CX>UNTY

8
7A
7D
7B
7C
22D
11, 12
SB
lB
1A

2, 3A
25B
13, 14, 15A

2/32-40
1/99-100
2/41-47
2/48-50
3/1-99; L/4
5/20-54; L/5-8
1/12-16
1/1-10
1/18-64; L/15-17
4/1-100; 5/1-9

5088
~257

Shell--Texel # 21-35
McCulloch-Wahner I 1-34

NE NW 35-156-93
NW SW 34-151-90

21, 22A
22C

7/54-100; 8/1-23; L/9-12
7/48-53

6296
6624
6684

RENVILLE CX>UNTY
Shell--Lerson # 23x-9
Shell-'-Oaterberg # 22x-l
Shell---Oaterberg # 21-2

NE SW 9-163-87
SE NW 1-161-85
NE NW 2-161-85

l7B
l5B

8/40-56
5/10-19; L/20
8/57-93; L/21

4923
4992
5158
5498

WARD CX>UNTY
Union--Olson I l-B-5
Union-Anderaon I l-I-2
Union--Henson I l-C-13
Marathon--Gowin I 1

NW NE 5-156-81
NE SE 2-156-82
NE NW 13-153-85
NW SE 1-157-82

9B, lOA
9A

SW SW
SW SW

26B
20B
20A
l9B
26A
24
25A

16

2/51-62
2/63-70
2/71-100; L/13

3C

WILLIAMS COUNTY
25
4340
4379
4510
4597
4618
4916

Amerada--Iverson # 1
Pan American-Marmon
Amerada-Ives I 3

I 1

SW
NE
NE

6-155-95
2-154-95
25-158-95
7-154-103
5-154-103
17-156-103
29-156-102

Hunt-Oyloe I 1
Hunt-Voll I 1
Aaerada-Trogstad I 1
Hunt--Harstad # 1

NW
SW
SW
NE
NE

K>NTANA
Rainbow# 1-:28
Rainbow I 1-33

See Appendix F-2
See Appendix F-2

NW

SW

8/94-100; 9/1-52; L/1
10/65-97
5/55-100
9/33-97; L/2-3
11/1-23
11/24-44

MANITOBA, CANADA

Quarry outcrops

1

See Appendix F-1
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chosen both to be representatives of described intervals as well as to
answer specific questions about constituents, textures, porosity, or
diagenesis.

Petrographic data such as the mineralogy, biotic and

inorganic constituents, sedimentary features, textures, porosity and
diagenetic features, were recorded for all thin sections.

A copy of

the data-collection form that was used is included for reference in
Appendix G.

The final result of data collection from thin sections was

to give an extended, carbonate-classification name (description
summary) to each section.

These thin section names form Appendix E.

For comparison purposes, a reconnaissance trip was made to visit
the outcrops of the Winnipegosis Formation which occur along the
eastern shore of Lake Manitoba, north-northwest of Winnipeg, Manitoba,
Canada.

The descriptions of thin sections made from samples collected

occur in Appendix F.

In addition, chips from two cored wells in

Montana were obtained by the North Dakota Geological Survey and thin
sections were made; their descriptions are found in Appendix F.
Different types of porosity were examined and photographed using
the scanning electron microscope.

This equipment (JEOL) is part of the

Natural Materials Analytical Laboratory, Department of Geology and
Geological Engineering, University of North Dakota.

l

STRATIGRAPHY

Introduction
The Winnipegosis Formation crops out along the shores of Lake
Winnipegosis, Manitoba, Canada.

The Elm Point Formation (Fig. 9A)

occurs stratigraphically beneath the Winnipegosis Formation (Fig. 9B);
but is not recognized as a separate formation in the subsurface
(Baillie, 1953b).

The Winnipegosis is considered to be Middle Devonian

based upon the presence of the brachiopod, Stringocephalus burtini
(Fig. 9C).

The dominantly peritidal Silurian Interlake Formation

(LoBue, 1983) is separated by a major unconformity from rocks of the
overlying Kaskaskia sequence (Fig. 10).

The Ashern Formation occurs as

redbeds below the Elm Point Formation in the outcrop region and as dark
dolostone ("upper gray beds") overlying redbeds beneath the clean,
massive carbonates of the Winnipegosis Formation in the subsurface.
Carbonates of the Dawson Bay Formation overlie the Winnipegosis
Formation in the outcrop region; but halite and dolostone of the
Prairie Formation overlie the Winnipegosis Formation and underlie the
Dawson Bay Formation in the subsurface.
Jones (1964, 1965a, 1965b, 1966) studied the Winnipegosis
Formation in Saskatchewan and subdivided it into two members.

He

(1965b) found a thin sapropelic bed separating these members.

This bed

has not been identified in core in North Dakota.

However, two, thin,

high ("hot") deflections seen on gamma-ray logs from the lower part of
the Winnipegosis Formation in North Dakota occur in approximately the
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Figure 9
Photographs of Manitoba outcrops and rocks from the North Dakota
subsurface near the contacts of the Winnipegosis Formation.
A.

Photograph shows mottled dolomitic mudstone and wackestone, Elm
Point Formation, Lily Bay Quarry, Manitoba. Hammer (arrow,
length 12") for scale.

B.

Photograph displays upper part of a reef, Winnipegosis Formation,
West Narrows Quarry, Manitoba. Hammer (length 12"; below arrow)
for scale.

C.

Photograph illustrates wackestone bearing external molds of the
brachiopod, Stringocephalus burtini, from the Winnipegosis
Formation, West Narrows Quarry, Manitoba.

D.

Photograph shows evidence of exposure at the Ashern - Winnipegosis
contact (NDGS Well No. 6535-6782C). The second number, following
the dash, is the depth in feet from the kelly bushing down to the
sample taken. The C indicates the third sample taken within that
foot.

E.

Photograph demonstrates brecciated zone (arrows) at the Ashern Winnipegosis contact (NDGS Well No. 5088-12231). Up is to the
left.

F.

Photograph displays bioturbated and intraclastic syndepositional
dolomudstone from tidal-flat environment, one type of
"transitional" unit above contact with Ashern Formation (NDGS
Well No. 38-6531). Up is to the left.

G.

Photograph illustrates wackestone deposited in a bioturbated
shallow-marine environment, second type of "transitional" unit
above contact with Ashern Formation (NDGS Well No. 5088-12227).
Up is to the left.

H.

Photograph shows halite just above contact of Prairie Formation
(NDGS Well No. 5088-12014).

T
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Figure 10
Stratigraphic column of the Kaskaskia sequence for North Dakota.
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same position as the deflecton produced on well logs by this sapropelic
bed in Canada.

The two deflections found in North Dakota vary in

magnitude from area to area.

Both deflections show equal prominence in

some localities; the upper one becomes dominant in some other areas,
whereas the lower one is dominant elsewhere.

Due to difficulty of

tracing the Canadian sapropelic bed into North Dakota and uncertainty
of correlation of deflections between the two areas, no members are
recognized within the Winnipegosis Formation in this study in North
Dakota.
The North Dakota stratigraphic column for the Kaskaskia Sequence
is seen in Figure 10.

These formations are recognized on well logs

throughout the state.

The general characteristics for the Ashern,

Winnipegosis and Prairie Formations can be seen on the west-east cross
section on Figure 12.

The locations of this west-east cross section

and the geographic area of the special map of the northwestern part of
the state, both of which are seen in subsequent illustrations, are
found on Figure 11.

North Dakota is located at the extreme

southeastern end of the Middle Devonian Elk Point Basin (Fig. 1).

The

thickness of the Winnipegosis changes in different parts of the state
(Fig. 16).

A shelf or platform surrounds a central deeper basin.

Contacts, extent of transgression, and special units
Following a brief hiatus after Ashern deposition, the sea returned
to deposit the carbonates of the Winnipegosis Formation in several
episodes.

The cored wells that illustrate the Ashern-Winnipegosis

contact (Table 2) show that there was a brief period of exposure that
resulted in a zone of brecciation or other evidence of exposure on top

1
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Figure 11
Index map of North Dakota showing position of west-east cross section
(Fig. 12) and the location of the map of the northwestern corner of
the state (Fig. 14). This map also indicates position of cores and
the approximate limit of the Winnipegosis Formation.
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Figure 12
A west-east cross section showing well-log characteristics of the
Winnipegosis Formation in different parts of the Basin in North
Dakota. Location of cross section is seen on Figure 11.
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TABLE 2
SUHKARY OF CORES BY GEOGRAPHIC LOCATION, SPECIAL UNITS, CONTACTS, AND EPISODES
GEOGRAPHIC LOCATION:
WESTERN SHELF

#4423, #6603
(#5333, not examined)
I 25, #4340, #4379, #4510, #4587, #4816, #4918
#5246
#5088
I 505, I 193
#5257
#5158
I 38, I 286, #2219, #2496, #2638, #5184, #5277, #5692
#5185, #5279, #5281, #5283
#4923, #4992, #5498
#2800
#6296, #6684
#4790, #4918, #4924, #6535
#6624
#5280

Divide:
Mountrail:
Williams:

(SLOPE/MARGIN)
SOlmlERN SHELF

EASTERN SHELF

Divide:
Mountrail:
Dunn:
Mountrail:
Ward:

Bottineau:
McHenry:
Ward:

DEEP BASIN
PINNACLE REEF
PATCH REEF

"BRECCIA" UNIT

Burke:
Renville:
Bottineau:
Renville:
Bottineau:

Breccia:
Dolomite/shale:

"HEMATITE" UNIT

''MIXED" ZONE UNIT
"SHALE" UNIT

CONTACTS:

I 38, #4918, #4923, #4992, #6535
#5184, #5277, #5279, #5281, #5283
#4918, #6535, #6624
#4379, #5088

WESTERN
SHELF

SOUTIIERN

EASTERJI

SHELF

SHELF

DEEP
BASIN

PINNACLE
REEF

I

38

#6684

#6535

I 38
#5184
#5277
#5279
#5281
#5283

#2800

I

38

#6684

#6535

I 505
I 193

I

38

#6684

#6535

I 505

I 38
I 286
#221~
#2596
#2638
#4923
#4992
#5154
#5185
#5277
#5279
#5281
#5283
#5692
#5498

#2800

#4790
#4918
#4924
#6535
#6624

#5280

#4918
#6535
#6624

#5280?

Aahern/Winnipegosis

I

25

I 505

C:Ontact

15088

I 193

Winnipegosis/
Prairie C:Ontact

#5246
#4340
#5088
#5246

PATCH
REEF

EPISODES:
First 1-6 feet"transitional" unit
First Episode
Second Episode

I 25
#5088
#5246
I 25
#5088
#5246
I 25
#4340
#4379
#4423
#4510
#4597
#4618
#4816
#5088
#5246
#6603

I 193
#5158
#5257

Third Episode
Fourth Episode
Fifth Episode

#5088
#4510?

Sixth Episode

#5088?

T

#6684

#2800
#6296
#6684
#2800

I 193?
#5257?
#5158

I 38
#4992
#5184
#5277
#5279
#5281
#5283
#2800?

-------
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of the Ashern carbonates (Fig. 9D, 9E).

Lobdell (1984) regarded this

boundary as paraconformable, although he considered that the contact
may represent nondeposition rather than exposure.

Other wells not

displaying the actual contact do show rocks on either side of the
boundary with characteristics of the Ashern or Winnipegosis.

The

contact between Ashern and Winnipegosis Formations is seen on gamma-ray
(quiet or "cold") or spontaneous-potential (away from shale base line)
curves as a sudden distinct leftward deflection which corresponds with
rightward deflections on the sonic (high velocity, tight), density
(high electron count, dense), and neutron (high neutron reading,
nonporous) curves (Fig. 12).
In some areas, the first ("transitional" unit) deposits of the
Winnipegosis, as represented by the lowest one to six feet, are
syndepositional dolomites, which formed in a supratidal environment
(Fig. 9F).

In other areas, the lower beds of the Winnipegosis were

normal marine limestones, as indicated by the brachiopod and crinoid
content.

Burrowed parts of this limestone have been preferentially

dolomitized (Fig. 9G).

The thin, syndepositional dolomite probably

represents a tidal-flat deposit which formed during rapid renewed
transgression; the dolomitic brachiopod and crinoid wackestone probably
represents areas which experienced a very rapid transgression where no
supratidal or intertidal deposits formed.

In many such cases,

supratidal and intertidal deposits form, but are reworked as the
transgression proceeds and are not preserved in the rock record.
Then, a sea of normal salinity spread uniformly over a broad
region.

The lithofacies that developed once normal marine subtidal

conditions prevailed over the region is identical in all North Dakota

so
wells which contain core for this interval, as well as in the Elm Point
Formation at the Manitoba outcrops.

These lower beds (First Episode of

deposition), as represented on well logs, can be traced as a unit over
much of north-central and northwestern North Dakota.

However, as the

margin of the Basin is approached, these lower beds disappear.

This

indicates that this transgressive pulse of the Middle Devonian sea,
which produced the lower part of the Winnipegosis Formation, covered
the lower, deeper portion of the Basin and was not as extensive
geographically as the upper part of the Winnipegosis.

The map (Fig.

13A) indicates the extent of transgression that occurred during the
First Episode.

The cross section A - A' (Fig. 13D) illustrates the

portion of the well logs that corresponds to each episode of deposition
in various regions of the Basin.
Then, during the Second Episode, the transgression continued
across the Basin, to its maximum extent (Fig. 13B, 13D); the Basin, at
this time, differentiated into two distinct regions -- a shelf (or
platform) surrounding a deeper basin.

Several environments of

deposition developed in the shelf region.

The deep basin region, in

turn, developed distinct basinal and pinnacle reef environments of
deposition.

Later in the Second Episode, the sea began to shallow.

Interpretation of core from the shelves indicates that, during this
regression, there was a regressive sequence of deposits from limestone
to dolostone to anhydrite, deposited in a shallow, subtidal environment
changing upward to a supratidal environment or a "shallowing-upward"
sequence (James, 1984a).
As the regression continued during the Third Episode, a fall in
sea level occurred substantially enhanced by evaporative drawdown.

l
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Figure 13
Index maps of extent of transgression and regression during episodes of
deposition and cross section with part of each log that corresponds to
deposits formed during each episode.
A.

Index map showing the ~xtent of Winnipegosis transgression during
the First Episode.

B.

Index map showing the maximum extent of Winnipegosis deposition
that occurred during the Second Episode.

C.

Index map showing the restricted extent of Winnipegosis deposition
during the regression of the Third and Fourth Episodes.

D.

West-east cross section that crosses from the western shelf (NDGS
Well No. 4916) to the basin, showing basinal (NDGS Well No. 6684)
and pinnacle-reef (NDGS Well No. 6624) wells, and then to the
eastern shelf (NDGS Well No. 5184). The location of this cross
section is seen on Figure 11. The part of each well log that
corresponds to each episode of deposition is indicated.
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Very fine-grained syndepositional or primary dolostone with
stromatolites, followed by anhydrite, was deposited in the deep but
shallowing, restricted, inter-reef basin that surrounded the
now-partly-emergent pinnacle reefs (Fig. 13C, l3D).

During the Fourth

Episode, salt of the lower Prairie Formation (Fig. 9H) filled the
inter-reef basin to the top of the former pinnacle reefs.

The Prairie

salt can be best identified by using a combination of gamma ray (quiet,
cold, low), caliper (wide borehole due to salt solution by drilling
muds), and sonic (low velocity, "porous") curves (Fig. 12).

Coastal

sabkhas ("breccia" and "hematite" units) developed over sites of former
pinnacle reefs and shelves during the Fifth Episode.

Salt and potash

(upper Prairie Formation) filled the remainder of the Basin during the
Sixth Episode.
The nature of the Winnipegosis-Prairie contact varies in different
parts of the Basin in North Dakota (Tables 2 and 3).

In the first

instance, the inter-reef basin, deposition of dolostone is followed by
deposition of anhydrite, and then salt of the Prairie Formation.

The

same sequence of dolostone, anhydrite, and salt is found at the outer
margin of the eastern and western shelves.
Should the contact be placed at the dolostone to salt, dolostone
to anhydrite, or anhydrite to salt change in lithology?

There is no

problem in choosing the boundary at the dolostone to salt change in
lithology for the western and southern shelf regions where salt is
still present.

Due to the gradational nature of the interbedded

dolostone and anhydrite on the shelves and to the problem of
vug-filling anhydrite in dolostones appearing as anhydrite on well
logs, a definite change from dolostones to anhydrite cannot be

T
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TABLE 3
SUMMARY OF GEOGRAPHIC LOCATION SHOWN ON CROSS SECTIONS
(PLATES 1 AND 2) AND LOGS WHICH ILLUSTRATE SPECIAL FEATURES
GEOGRAPHIC
LOCATION:

A - A'

B - B'

C - C'

D - D'

E - E'

Western shelf

left

left

left

all

middle
2/3

Southern shelf

right

middle

Eastern shelf

right

right

Deep basin

middle

middle

Pinnacle reef

middle

F - F'

right

right

right
left

left

left
left

Patch reef
SPECIAL FEATURES:

(logs listed downward in list by NDGS Well Number in
order found on the cross section from left to right)
"Breccia" unit

#6535
#5184

"Hematite" unit

#6624
#6535

#6535
#4918
I 38
#4992
# 588?

#4992
#4923

#6535
#4918

"Mixed" zone unit

#5088
#7612

#5494

"Shale" unit

#5088
#7612

#5535
#4379

#4846

Pinch out of
Ashern

# 434/
I 37

I 706/
# 194

#4940/
I 15

#5438/
#4130

#5447/
#6413

I
#

-Pinch out of
Winnipegosis

#2521/
# 31

# 194/
#4635

# 763/
# 701

#4130/
#7983

#6413/
#6322

#4685/
#5979

Pinch out of
Prairie

#6535/
#4924

#7612/
#4992

#7978/
#6683

#5345/
#3014

#6464/
#4611

#4918/
# 38

1

22/
15

55

identified or traced on well logs.

As the lithologic transition from

dolostone to anhydrite (not vug filling) represents a syndepositionaldiagenetic sequence in a high, supratidal-flat environment as part of a
continuous regression on the shelves, it seems the contact should not
be placed at the dolostone to anhydrite transition, but rather at the
top of the anhydrite.

A similar diagenetic situation occurs in the

inter-reef basin, and the contact also is placed at the top of the
anhydrite or at the base of salt.
However, in McKenzie County (Fig. 14), there is a "mixed" zone
(Tables 2 and 3) or intertonguing relationship which is 6.1 to 18.3
metres (20 to 60 ft) thick.

According to Amstrat lithologic logs,

dominantly interbedded dolostone and anhydrite are found above thin
salt beds (approximately 3 m or 10 ft in maximum thickness).

Because

there is salt, minor though it be, this "mixed" zone is thought by some
(personal communication, S. B. Anderson, 1983, North Dakota Geological
Survey) to be part of the Prairie Formation.

However, it is here

proposed that the "mixed" zone be included in the Winnipegosis
Formation for the following reasons.
involved is small (Fig. 14).

First, the geographic area

Secondly, the return to dominant

deposition of dolostones and anhydrites indicates that the Basin was
not entirely, nor permanently, restricted.

And thirdly, in an

increasingly restricted evaporitic basin, the logical point of
separation between formations would be at the most significant
geochemical and stratigraphic break, which would be at the anhydrite to
salt change in lithology; the stratigraphic break would be at the top
of the intertonguing relationship, which would occur at the top of the
highest dolostone or anhydrite unit below thick salt.

l

In other words,
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Figure 14
Index map shows the present depositional or dissolutional margin of
Prairie salt, shelf and basin margins with intervening slope, and
locations of "shale" and "mixed-zone" areas within Winnipegosis
Formation. Prairie dolostone was deposited beyond the salt margin.
The salt of the lower Prairie Formation filled the inter-reef basin
(limited to basin); the salt and dolostones of the upper Prairie
Formation covered the rest of the Basin.
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this change would be at the base of the major Prairie salt.

This is a

change readily identifiable in core and easily located on well logs,
especially if caliper and sonic logs are available.
change in lithology is easily mapped.

In addition, this

The Winnipegosis-

Prairie contact can be seen on the west-east cross section (Fig. 12).
In a second area, the contact between the Winnipegosis and Prairie
Formations is complicated.

Here at the shelf margin and over former

pinnacle reefs, the reef carbonates were overlain by algalcyanobacterial stromatolites (Second or Third Episode).
filled the inter-reef basin (Fourth Episode).

Prairie halite

Then, a sequence of

lithologies was deposited over former pinnacle reefs during the Fifth
Episode.

They included both a "breccia" unit and a "hematite" unit.

The "breccia" unit is composed of medium to dark, argillaceous,
supratidal dolostone, some of which was brecciated with a mixture of
lithologies ("breccia" unit).

The "breccia" unit, in turn, was

overlain by hematite-stained, argillaceous, supratidal dolostone
("hematite" unit), and that unit was overlain by salt.

The high,

"hot", gamma-ray reading of the "hematite" unit is due to the clay
content of these beds (NDGS Well No. 6624; well log on Fig. 12).

Just

when this sequence of units was deposited is open to speculation.

In

this study, however, the contact between the Winnipegosis and Prairie
Formations is placed at the base of the Prairie salt; therefore, above
the "hematite" unit.
In a third area, on the middle of the western shelf, salt directly
overlies dolostone, and, in some cases, anhydrite occurs as a vug-fill
in dolostone that reads as if it were entirely anhydrite on sonic logs.
But in most areas on the inner western and eastern shelves, no salt is

T
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found.

Either it was not deposited or it was deposited prior to

deposition of Prairie dolostone and dissolved at some time prior to the
present.

The present solutional margin of the salt is indicated on

Figure 14.

In this case, "continuous" deposition of dolostone from the

Winnipegosis into the Prairie beyond the salt margin can be interpreted
from logs.

It is difficult to differentiate "Prairie" dolostones from

Winnipegosis dolostones.
The last complication in choosing the Winnipegosis to Prairie
contact occurs lower in the Winnipegosis Formation where there is an
upward limestone to dolostone change in lithology identified throughout
North Dakota.

In those areas of the Basin beyond which salt occurs

(Fig. 14), there is a continuous sequence of dolostones above this
change upward to the "Second Red Bed" or carbonates of the Dawson Bay
Formation.

In these areas, the thickness of dolostone is much greater

than in those areas where salt occurs, and this change in thickness
occurs at the salt pinchout.

Previous definitions of the Prairie

Formation have restricted it to evaporites (salt, anhydrite, and
potash).

It appears that in areas beyond salt deposition there may

have been deposition of dolostones contemporaneous with the evaporites.
If this is true, then in some sections there would be both Winnipegosis
dolostones and "Prairie" dolostones.

Therefore, the location of the

Winnipegosis-Prairie contact occurs within this continuous dolostone
interval.

The uppermost dolostone deflection which occurs beneath the

salt in the marginal well log before the salt pinches out (Table 3) is
found significantly above the limestone-to-dolostone change in
lithology.

Therefore, in this study, the uppermost dolostone

deflection on the gamma-ray curve, which represents the top of the

T
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Winnipegosis where salt is present, was the marker that was traced away
from the edge of the salt toward the margins of the Basin.
There are two additional areas of interest in western North Dakota
where "shale" is found within the Winnipegosis Formation (Fig. 14).
The "shale" interval can be identified on well logs by the distinctive
gamma-ray curve (active, high, "hot") deflection, the shale position of
the spontaneous-potential curve, and the left deflection of the sonic
curve (low velocity, porous).

In some wells, two "shale" intervals are

found (e.g., NDGS Well No. 4379; cross section E - E', Plate 2),
whereas, in other wells only the upper "shale" developed (e.g., NDGS
Well No. 5535; cross section E - E', Plate 2).

In some wells, the

lower "shale" is poorly developed while the upper "shale" was well
developed (e.g., NDGS Well No. 5088 or No. 7612; cross section B - B',
Plate 1).

The only core that covers either interval is from NDGS Well

No. 5088, Mountrail County.

The overall lithology of this upper

"shale" interval is a dark brown to black, sugary dolomudstone-not a
true shale.

This "shale" is described as the "Shaly" Dolomudstone

Lithofacies in the chapter on Lithofacies.

A sample of the upper

"shale" from this core was analyzed (personal communication, P. T. Ray,
1983, chief geologist, Total Petroleum Company, Denver, Colorado).

The

analysis showed an ankerite composition for the dolomudstone and a
total organic content of 0.37 weight per cent.

Thus, according to P.

T. Ray (personal communication, 1983), this dolostone has a "pretty
good to a very good, source-rock potential."

Structure and isopach maps and cross sections
The structure contour map (Fig. 15) on the top of the Winnipegosis

l
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Formation shows the overall Williston Basin configuration, the Nesson,
Antelope Creek, and Billings anticlines.

The top of the Cedar Creek

anticline was exposed during deposition of the Winnipegosis, forming
the southwestern depositional or erosional edge of the formation.

The

edge of the occurrence of the formation as determined from the isopach
map was used as the southwestern limit of the unit on the structure
contour map.

The deepest Winnipegosis is found in north-central

McKenzie County where it occurs over 3170 metres (10,400 ft) below sea
level.

In some places in Bottineau and Renville Counties, pinnacle

reefs influence the structural contours.

The isopach map (Fig. 16) of

the Winnipegosis Formation was constructed with a 10-foot contour
interval.

The result of this close contouring gives an approximation

of the paleotopography of the Elk Point Basin near the end of
Winnipegosis deposition.

This is due to the thin deposits that

accumulated in the north-central deep basin seen in contrast to the
much thicker deposits that accumulated on the peripheral shelf and the
isolated pinnacle reefs.

Some pinnacle reefs are found on the shelf

slope, and patch reefs are found both on the shelf margin as well as
farther back on the shelf.

The pinnacle and patch reefs were

impossible to contour at this contour interval without implying a
larger geographic structure than indicated by seismic information
roughly 3/4 to 1 1/4 miles long by 1/2 to 3/4 miles across (personal
communication, W. J. Guy, 1982, geologist, Kirkwood Oil and Gas
Company, Casper, Wyoming).

For this reason, a solid triangle of

approximately this size was chosen as a symbol to represent the reef.
The number of feet that the reef extends above the closest basinal
contour line is given next to the symbol.

T
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Figure 15
Structure contour map on top of the Winnipegosis Formation.
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Figure 16
Isopach map of the Winnipegosis Formation.
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The overall thickness of in situ accumulated carbonates can vary
substantially.

For example, areas of a shelf that have ooid or

grainstone bars accumulate sediment at a faster rate than areas
adjacent to the bars.

Thus, a series of thicks and thins that

alternate across the western and southern shelf regions (Fig. 16)
probably represent such a situation.

These thicks and thins seem to

have no correspondence to the Nesson, Antelope Creek, or Billings
anticlines.

However, the Elk Point Group has been reported to show

slight thinning over the Nesson anticline (Sandberg, 1961); this
indicates that the Nesson anticline may have been intermittently
active, during deposition of the Elk Point Group.

These structures, if

active during Winnipegosis deposition, did not greatly affect the
amount of sediment that accumulated at this time.

However, slight

fault movement may have occurred along the northern part of the Nesson
anticline in Divide County, or along the Churchill-Superior Province
boundary in Bottineau and Ward Counties, influencing the location of
reefs and helping to establish the differentiation of these areas into
shelf and deep-basin regions.
An abundance of expected grainstone textures were not found in
core examined.

This lack may have been in part due to destruction of

original depositional textures during dolomitization, which is
pervasive in some areas, especially shelf margins, of the Winnipegosis
Formation.

It may also mean that reefs developed in regions of maximum

current and wave activity instead of sediments with grainstone textures
that normally accumulate in those areas; it may also mean that the
random distribution of cores has missed any current-accumulated
submarine bars or beach ridges that did form.

It must also be kept in

67

mind that the Peloid Packstone Lithofacies may, in actuality, be a
micritized-skeletal-grain packstone and may have accumulated in such a
manner.

Possibly some of the "thicks" seen on the isopach map

represent current-accumulated submarine bars or beach ridges.

NDGS

Well No. 505 located in southern Dunn County is located near one of
these "thicks".

The core (only representative samples were given to

the North Dakota Geological Survey) from this well is the only core to
have extensive grainstone textures (assuming that the representative
samples are typical samples).
Six cross sections were constructed in order to illustrate a
variety of depositional situations with well logs (Fig. 17).

The

peripheral shelf can be informally subdivided into western, southern,
and eastern shelves.

The log character of wells from these shelves,

the shelf margins, the deep basin, and pinnacle reefs are illustrated
on the cross sections.

Cores, which illustrate rocks from these areas,

can be identified on Table 2.

In addition, well logs or cores from

specialized lithologic intervals such as the "breccia" unit, "hematite"
unit, "mixed" zone area and "shale" interval areas can be found on
Table 3 and Table 2, respectively.

The well logs that show the pinch

out of the Ashern Formation, the Winnipegosis Formation, and the
Prairie salt (Table 3) can also be seen on the cross sections.

l
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Figure 17
Index map showing locations in North Dakota of the six cross sections
(in pocket) illustrating the correlation of the Winnipegosis Formation.
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LITHOFACIES

Introduction
The lithofacies were determined from detailed petrographic
analyses of core and thin section samples (Appendices D and E) and were
differentiated from each other by physical, chemical, and biological
characteristics that influence the appearance, composition, or texture
of the sediment or rock (Weller, 1958, p. 633).

These lithofacies were

interpreted to have developed in several sedimentary environments that
include deep basin, deep shelf, shallow shelf, patch and pinnacle reef,
lagoon, tidal flat and evaporite basin environments.

For purposes of

organization, the lithofacies are listed in the order above, which
corresponds to a transect from offshore to onshore (Fig. 18) and thus,
in general, from deepest to shallowest water, with subsequent
development of the evaporite basin.

Depositional and diagenetic

features of each lithofacies are described in this chapter.

In some

cases, diagenesis of the sediment has been discussed here if it
occurred syndepositionally and if its interpretation is important in
the interpretation of the lithofacies.

Otherwise, interpretations of

diagenetic processes are discussed in the chapter on Diagenesis.

A

reconstruction of the environments of deposition that formed at any one
time and the geographic change of those environments through time are
discussed in the chapter on Environments of Deposition that follows.
The characteristics exhibited by each lithofacies are summarized
in Table 4.

A summary chart (Table 10) of the diagenetic features
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Figure 18
Relationship of lithofacies with environments of deposition.
Several environments of deposition developed during the history of the
Winnipegosis Formation. The environments include the deep basin, deep
shelf, shallow shelf, patch and pinnacle reef, lagoon, tidal flat and
evaporite basin. This order corresponds to a transect from offshore to
onshore and thus, in general, from deepest to shallowest water, with
subsequent development of the evaporite basin. The cross section shows
the relationship of the twenty-two lithofacies recognized in this study
with these environments of deposition.

1

ENVIRONMENTS OF DEPOSITION

high tide

Su-1

IL

Sb/I/Su
(alao V1d-1
and Su-4)
(Not to acale)

·vad-2

....
1

Sb-8

TIDAL FLAT

Sb-10

Sb-10

DEEP IIASIN

DEEP SHELF
LITHOFACIES

ENVIRONMENTS OF DEPOSITION

Emero•nt
Plnnacl• Reef

w.r:----Sb-1&

EYAl'ORITE IIASDI

Sb-1

Stromatoporold. Tabulate Coral B0und1ton1

Sb-2

Pafold Pack11on1

Sb-3

Porou, Dolo1ton1

Sb-4

Red

lb-I

Brachlopod, Crlnold Mud1ton1 to Graln1ton1

Alo••

Pack1ton1

Sb-8

Codlac11n Algae, C1lclaph1r1 P1ck1ton1

Sb-7

01tr1cod1, Calcl1ph1r1 Pack1ton1

lb-I

Coral, 8tromatoporold P1ck1ton1

8b-8

A,nphlpora W1ck11ton1

lb- 10

L1•ln1t1d Mudatona

Sb- 11

lolltary Coral Wack11ton1

lb- 12

•ahaly• D0tomud1ton1

lb-13

LaR1ln1t1d Oolomudatona

lb-1,

L11nlnat1d and Stromatollta

lb-11

La ... 1nat1d Anhydrite

Sb-14

lb/1/lu Mottled and Laminated D0lomud1ton1

Sb-13
Sb-10

lu-1

8wlrlad Anhydrite and Dolo,nud1ton1

au-2

Aloal (Cyanobac1erlal)

au-3

Oold, Pelold Packelon•

au-4

Dark, Mollled Dolomudatone

Vad-1

H•ma11t• Dolomudelon•

Vad-2

'1aold Dolo1ton•

73
TABLE 4

SUMMARY OF LITIK>FACIES CHARACTERISTICS
LITIIOFACIES

SlELETAL ALLOCHEHS

Laminated
Hudstone
Lithofacies
(Sb-10)

NONSn:LETAL ALLOCHEM SIZE AND
ALLOCHEHS
TEXTURE VARIATIONS

MINERALOGY AND
SEDIMENTARY
STRUCTURES

R Mier~
peloida

Li nae stone

Hudatone

Laminated mudstone
Micro burrows

"Shaly"
Dolomudstone
Lithofaciea
(Sb-12)

R Brachiopods
Crinoida

Brachiopod,
Crinoid
Mudstone to
Grainstone
Lithofacies
(Sb-5)

Brachiopoda
Crinoids
C Trilobites
Gastropods
Bryozoans (r,fn,e)

Hudatone
Dolomudstone

Limestone

*Dolostone
Bioturbsted throughly

A

R Bivalves
Ostracodes

Oncolites
Tentaculitids
Conodonts

C Peloids Mudstone to
R Micrite- grainstone
Overpscked textures
riaaed
grains
Coarse- and mediumgrained; whole and
fragmented
Fine-grained with
much fine comminuted
material

*Limestone
Dolostone

Corals (T)
Red Algae (P)
Calcispheres (s)
Blue-green Algae (f,M)
Encrusting Foraminifers

Bioturbation
Some well-sorted
Some fossils aligned
parallel to bedding
Shelter porosity
Geopetal fabric
V-ahaped fractures
in nodules
Y-ahaped voids in
muds tones

Stromatoporoids (tb)
Coral,

A Corals (T,H,Fa,Sy,Al,ar)

Stromatoporoid
Packs tone
Lithofacies
(Sb-8)

Stromatoporoids (tb,h,
Am,St)
C Brachiopoda
Crinoids
Bryozoana (r,fn)
Mollusks
R Trilobites

Peloid
Packstone
Lithofaciea
(Sb-2)

A Gastropods
C Calciapherea
Oncolitea
R Blue-green Algae (f)
Crinoida
Brachiopods

C Peloids

A Peloids
(two
sizes)

C Intra-

Bivalves

Corals (T,Sy,ar)
Ostrscodes
Bryozoans (r,fn)
Tentsculitids
Trilobites
Red algae
Codiacean algae
Stromatoporoids (Am)
EXPLANATION:

p

g
G
Sp
LLH
ID

*Limestone
Doloatone

Medium-grained
with some larger

Limestone

grains

Rare imbricated
intraclaata

Packatone to
grains tone

Micriteria111ed
grains

Bioturbation

Rare feneatral
fabric
Shelter porosity
Bioturbation

Skeletal Allochems - Genera or
Other Classification

Codiacean Algae:
L

claata

Solitary giant
grains
Coarse-, medium-,
and fine-grained
matrix
Wackeatone to
packatone

Litanaia

Red Algae:
Parachaetetes

Blue-green Algae:
ghosts
Girvanella

Sl!haerocodium
Stromatolites:
Laterally-linked
hemispheres
mats

Al
Au

Corals
Alveolites
Aulol!ora

Fa

Fsvosites

H
sr
Sy
T

Hexagonaria
solitary rugosans
Syringol!ora
Thsmnol!ora

b
e

h
i
tb
Am

St
e

F
M

Fossils
Matrix

fn
r
s

t

T

Stromatoporoids:
bulbous
encrusting
hemispherical

irregular
tabular
Aml!hil!ora
Stachyodes
Bryozoans:
encrusting
fenestrate
ramose

Calcispheres:
spokes in wall
thick-walled

Relative

Abundance
R

Rare

C
A

co-on
Abundant

?

questionable
occurrence

•

dominant

lithology
if more
than one
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TABLE 4
(CONTINUED)
NONSICELITAL
ALI.OCHEHS

ALl.OCHEM SIZE AND
TEX'IURE VARIATIONS

LITIIOFACIES

SIELETAL ALLOCHEMS

Stromatoporoid,
Tabulate Coral
Bounds tone
(Sb-l)

A Stromatoporoids (h,
A Peloids
b,tb)
Corals (T,Al,Fa,Au,Sy,H)
Blue-green Algae (G-F,H)
C Brachiopods
Crinoids
Ostracodes
Calcispheres
Corals (sr)
R Bryozoans (fn,e)
Stromatolites
Stromatoporoids (St)
Codiacean Algae (L)
Mollusks
Trilobites

Massive stromatop*Limestone (Eastern
oroids with bulbous,
shelf)
hemisphere and
*Dolostone (Western
tabular growth forms
shelf)
Corals massive and
branching
Bioturbation
Coarse- and mediumShelter porosity
grained matrix
Geopetal fabrics
Whole and fragmented
Framework pores
shells
Packstone, boundstone,
and partly-washed
grains tone

Codiacean
Algae,
Calciaphere
Packs tone
Lithofacies
(Sb-6)

A Codiacean Algae (L)
Calcispheres (s)
C Ostracodes
Bryozoans (fn)
R Crinoids
Brachiopoda
Corals (T)
Tentaculi tids
Bryozoans (e)
Trilobites
Gastropods
Blue-green Algae (G)

A Peloids
C Hicriteri111Ded
grains

Medium-grained with
some coarae grains
Wackestone to
packs tone

*Limestone
Dolostone

Porous
Dolostone
Lithofacies
(Sb-3)

R Corals (T,Al,Sy,Fa)
Brachiopods
Stromatoporoida (h)
Crinoids
Codiacean Algae (L)
(nothing else has been
identified, but other
allochems were probably
present prior to
dolomitization)

R Peloids

Matrix altered to
dolomite first, but
probably included
entire range from
mudstone to packstone or even
bounds tone

Dolostone

C Piaoids

Very coarse-grained
Originally wackestone
to packstone?
Vadose altered

Dolostone

Coarse- and mediumgrained
Whole grains and
fragments
Packstone to
grains tone
(Blue-green Algae (G)
present in matrix
of packatones, not
preaent in grainatonea)

*Limestone
Dolostone

Pisoid
Dolostone
Li thofaciea
(Vad-2)

MINERALOGY AND
SEDIMENTARY
STRUCTI.IRES

Bioturbation
Shelter porosity
Vug and channel
porosity

Wispy atringers of
organics and clay
Vug-channel
porosity
"Porosity patterns"

Red Algae
Packs tone
Lithofacies
(Sb-4)

A Red Algae (P)
Blue-green Algae (G,g)
?algal grains
C Ostracodea
Calcispheres (a)
Gastropods
R Brachiopoda
Bivalves
Crinoids
Stromatolites
Trilobites
Corals (T)
Stromatoporoida (Am)

A Peloids

Solitary Coral
Wackes tone
Lithofacies
(Sb-11)

C Corals (sr)
R Brachiopods
Crinoids
Corals (T)

C Peloids

Fine-grained with
some coarse-grained
Hudatone to
packs tone

Limestone
*Doloatone

Am2hi2ora
Wackes tone
Lithofacies
(Sb-9)

A Stromatoporoids (Am)
Calcispheres (s)
C Stromatoporoids (e)
R Brachiopods
Corals (T,Sy)
Crinoids

C Peloids

Fine-grained with
larger grains
Wackestone to
packs tone

*Limestone
Dolostone

l

Bioturbation

Bioturbation
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TABLE 4

(CONTINUED)

LITHOFACIES

SIELETAL ALI..OCHEMS

NONSICELETAL ALLOCHEM SIZE AND
ALLOCHD'IS
TEXTURE VARIATIONS

MINERALOGY AND
SEDIMENTARY
STRUCTURES

Ostracode,
Calcisphere
Packs tone
Li thofacies
(Sb-7)

Ostracodes
Calcispheres (t)
C Gastropods
R Crinoids
Bivalves
Stromatoporoids (Am)
?algal grains

C Peloids
R Silt

Limestone

Mottled and
Laminated
Dolomudstone
Lithofacies
(Sb/I/Su)

R Ostracodes

R Peloids
Intraclasts

Fine-grained
Mudstone

Limestone
•Dolostone

R Peloids
Intra-

Fine-grained
Hudstone

Dolostone

Fine-grained
Mudstone

*Dolostone

A

Dark, Mottled
Dolomudstone
Lithofacies
(Su-4)

to thin-bedded
Bioturbation
Shelter porosity
Fenestral fabric

•Heaatite

Mottled
Brecciated
A

Travertine or
stromatolites
(m, LLH)

Porous
?Bounds tone

Dolostone
Laminated

Flat, undulating
to steep angles

Ooid, Peloid
·Packs tone
Lithofacies
(Su-3)

Hypersal- Coarse-grained
ine ooids Mudstone to
Peloids
packs tone
C Intraclasts
A

Swirled
Anhydrite and
Dolomudstone
Lithofacies
(Su-1)

Mudstone
Displacement
anhydrite

*Limestone
Dolostone
Laminated to
thin-bedded
Dolostone
*Anhydrite
Laminated dolomudstone
swirled with anhydrite

Laminated
Dolomudstone
Lithofacies
(Sb-13)
Laminated and
Stromatolite
Lithofacies
(Sb-14)

Laminated

cleats

Hematite
Dolomudstone
Lithofacies
(Vad-1)

Algal
(Cyanobacterial)
Lithofacies
(Su-2)

Fine-grained
Fragmented shells
lying parallel in
lS111inations
Whole shells in
wackes tones
Hudstone to
packs tone

R Peloids

Fine-grained
Hudstone

Dolostone
Laminated, some
intervals bioturbated

C Stromatolites
(m,LLH)

LLH about 2-3 cm
wide, rare

(not all of lithofacies
is of algal origin)

about 3 cm wide

*Limestone
Dolostone

"Domes" and "basins"

Laminated mudstone

Undulating
Ripped up laminae doubled and tripled
Laminated

Anhydrite
Lithofacies
(Sb-15)

Hudstone
Displacement
anhydrite

Dolostone
*Anhydrite
Laminated dolomudstone

interbedded ltith
nodular, nodular-bedded,
and bedded anhydrite
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found in each lithofacies is found in the chapter on Diagenesis, and a
chart (Table 13) of the types of porosity found in each lithofacies is
found in the chapter on Porosity.

A summary of other associated

lithofacies, interpreted environment and episode of deposition, and
geographic distribution of each lithofacies is included in Table 5.

In

addition, a summary chart (Table 6) organized by cored Winnipegosis
wells indicates each lithofacies present, relative amount of core
representing each lithofacies, whether the top or bottom contact of the
Winnipegosis with other formations is represented, whether the
"transitional" unit or the "shale"-interval unit are present, whether
the First, Second, Third, or Fifth Episodes are represented in the
core, and interpretation of whether the core is from the deep basin,
patch or pinnacle reef, or shelf regions.

Deep Basin Environment
A Laminated Mudstone Lithofacies is the only lithofacies that
gives evidence of having formed in a Deep Basin Environment in North
Dakota.

Rocks from this Deep Basin Environment, deposited farthest

offshore in the greatest depth of water, have been found only in the
inter-reef areas of the basin region.

Laminated Mudstone Lithofacies
Description:--The Laminated Mudstone Lithofacies is composed of
medium to dark gray, laminated mudstone (Fig. 19A).

Many of the

laminations occur as couplets of light and dark beds; some laminations
are emphasized by the development of microstylolites or stylolites.
The laminations vary from 1 to 2 millimetres in thickness; however,

l
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TABLE 5
SUMMARY OF LITIIOFACIES RELATIONSHIPS, ENVIRONMENT OF DEPOSITION,
EPISODE OF DEPOSifION, AND GEOGRAPHIC DISTRIBtrI'ION
LITHOFACIES

ASSOCIATED
LITIIOFACIES

Laminated
Mudstone
Lithofacies
(Sb-10)

F.NVIRONMENT OF
DEPOSITION

EPISODES
(TIME)

GEOGRAPHIC
DISTRIBtrI'ION

Restricted marine
Subtidal
Deep basin

E2

Deep inter-reef
basin

"Shaly"
Dolomudstone
Lithofacies
(Sb-12)

Sb-5

Restricted marine
Subtidal
Deep shelf

E2

Western slope

Brachiopod,
Crinoid
Hudstone to
Grains tone
Lithofaciea
(Sb-5)

Sb-1

Open marine
Subtidal
Shallow and
possibly deeper
shelf .

El

Eastern shelf
Southern shelf
Western shelf
Pre-pinnacle
reef shelf
Pre-deep basin
shelf

Open marine
Subtidal
Shallow shelf

E2

Eastern shelf
Southern shelf
Western shelf

Open marine
Subtidal
Shallow shelf
and shelf
margin

?El

Eastern shelf
Southern shelf
Western shelf

Open marine
Subtidal
Marginal and shelf,
patch reefs and
rim of pinnacle
reefs

E2

Eastern shelf
Western shelf
Pinnacle reef
Patch reef

Open marine
Subtidsl
Reef lagoon or
back reef

E2

Western shelf
Pinnacle reef

E2-rocks
formed
E3/E4rocks
altered

Eastern shelf
margin
Pinnacle reef

Sb-2
Sb-6

E2

Sb-8
Coral,
Stromatoporoid
Packs tone
Lithofacies
(Sb-8)

Sb-1

Peloid
Packstone
Lithofacies
(Sb-2)

Sb-5

Sb-2
Sb-5

Sb-7
Sb-8

E2

Sb/I/Su
Stromatoporoid,
Tabulate Coral
Bounds tone
Lithofacies
(Sb-1)

Sb-3
Sb-6
Sb-8
Vad-2

Codiacean
Algae,
Calcisphere
Packs tone
Lithofacies
(Sb-6)

Sb-1

Porous
Dolostone
Lithofacies
(Sb-3)

Sb-1

Sb-3
Vad-2

"Diagenetic
lithofacies"

Sb-6
Sb/I/Su

EXPLANATION:
Symbols for lithofacies (e.g., Sb-5) are
used in the Associated Lithofacies column.
(Sb represents subtidal, I for intertidal,
Su for supratidal, and Vad for vadose.
The sequence of numbers used for lithofacies
has no significance) . The lithofacies names
and symbols appear in the explanation for
Table 6.

T

Episodes of Deposition:
El
First Episode
E2
Second Episode
E3
Third Episode
E4
Fourth Episode
ES
Fifth Episode
E6
Sixth Episode
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TABLE 5

(CONTINUED)

LITHOFACIES

Pisoid
Dolostone
Lithofaciea
(Vad-2)

ASSOCIATED
LITIIOFACIES
Sb-1

ENVIRONMENT OF
DEPOSITION

EPISODES
(TIME)

GFXJGRAPHIC
DISTRIBUTION

"Diagenetic
lithofacies"

E2-reef
growth,
exposed,
renewed
growth

Pinnacle reefs
developed on
slope

Open marine
Subtidal
Shallow shelf
lagoon

E2

Eastern shelf
Western shelf

Open marine
Subtidal
Shallow shelf
lagoon

E2

Eastern shelf

Open marine
Subtidal
Shallow shelf
lagoon

E2

Eastern shelf
Western shelf

Restricted marine
Subtidal to
intertidal
Shallow shelf
lagoon, ?beach.

E2

Eastern shelf
Southern shelf
Western shelf

?Restricted marine,
periodic exposure
?Subtidal,
inter tidal, to
supratidal
Tidal flat

El

Early platform,
local sites
Eastern shelf
Southern shelf
Western shelf

Sb-3
Sb-6

Red Algae
Packs tone
Lithofacies
(Sb-4)

Sb-1

Solitary Coral
Wackestone
Lithofacies
(Sb-11)

Sb-8

Amphipora
Wackestone
Lithofacies
(Sb-9)

Sb-8

Ostracode,
Calcisphere
Packstone
U.thofaciaa
(Sb-7)

Sb-2

Mottled and
Laminated
Dolomudatone
Lithofacies
(Sb/I/Su)

Sb-2

Sb-8

Sb-5

Su-1

Sb-7

Su-3

Dark, Mottled
Dolomudstone
Lithofacies
(Su-4)

Sb/I/Su

Sb-9

Sb-9

Sb/I/Su

Sb-9
Sb/I/Su

Su-1
Su-2
Vad-1

Hematite
Dolomudstone
Lithofacies
(Vad-1)

Su-4

Algal
(Cyanobacterial)
Lithofacies
(Su-2)

Sb-1

Prairie
salt

Sb-3
Sb-6
Su-4

T

E2

?Restricted marine, ES-rocks
periodic exposure
formed,
?Subtidal,
lithified.
brecciated,
intertidal to
supra tidal
prior to
Tidal flat
deposition
of Vad-1

Un brecciated:
Eastern shelf
Western shelf
Brecciated:
Eastern shelf
margin and sites
over former
pinnacle reefs

Restricted marine,
periodic exposure
Low intertidal
Tidal flat

ES

Sites over
former pinnacle
reefs

Restricted marine,
periodic exposure
Intertidal to
supra tidal
Tidal flat to
exposure

E2 or

Eastern shelf
shelf margin
Sites over
former pinnacle
reefs

E3
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TABLE 5
(CONTINUED)
LITIIOFACIES

ASSOCIATED
LITiiOFACIES

Ooid, Peloid
Psckstone
Lithofacies
(Su-3)

Sb/I/Su

Restricted,
hypersaline
Subtidal
Hypersaline ponds
Tidal flat

E2

Southern shelf

Swirled
Anhydrite and
Dolomudstone
Lithofacies
(Su-1)

Sb/I/Su

Growth of anhydrite
within supratidal

E2

Eastern ahelf
Southern shelf
Western shelf

Laminated
Dolomudstone
Lithofacies
(Sb-13)

Sb-14

Restricted marine
to hypersaline
Deep subtidal
Evaporite basin

E3

Restricted,
hypersaline,
inter-reef

Laminated and
Stromatolite
Lithofacies
(Sb-14)

Sb-13

Restricted marine
to hypersaline
Deep subtidal
Evaporite basin

E3

Laminated

Sb-13

Restricted marine
to hypersaline
Deep subtidal
Evaporite basin

E3

Anhydrite
Lithofacies
(Sb-15)

ENVIRONMENT OF
DEPOSITION

EPISODES
(TIME)

sediment

GEOGRAPHIC
DISTRIBUTION

High supratidal
Tidal flat

Sb-15

Prairie
salt

basin

Restricted,
hypersaline,
inter-reef
basin
Restricted,
hyperealine,

inter-reef
basin

80
TABLE 6
LITHOFACIES FOUND IN OJRES BY EPISODE OF DEPOSITION
OJRES
BOTIINEAU
#38
REGIONS:
LITHOFACIES:
Sb-10

PR

#286 #2219 #2596 #2638 #4790 #4918 #4924 #5184 #5277 #5280 #5692 #6535
.§.

.§.

.§.

.§.

PR

PR

PR

.§.

.§.

.2!.

.!!

PR

Sb-12
El.
E2•

Sb-5

El+

Elx
E2•?
?E2·

Sb-8

?E2.

?E2.

Sb-2
E2·1

Sb-1

-

?E2·

Sb-6

E2.

E2+
E2+

Sb-3

E2+

E2+

E2+

E2x

E2x

E2x

Vad-2

E2+

E2+

E2+

E2+

E2.

E2x

E2x

Sb-4

E2+

Sb-11
E2x

Sb-9
E2.

Sb-7
Sb/I/Su
Su-4

E2.

Elo
E2"
ESx

Es•

E2"

E2x

E2"

Elo

Es•

ESx

ESx

Es•

?ESx

ESx

Vad-1
Su-2

?E2.

ES+

E2.

E2x

E2+

Su-3
E2.

E2"

Su-1

E2•

E2"

Sb-13
Sb-14
E3+

Sb-15
top contact
bottom contact
"transitional"
unit
"shale" unit
First Episode
Second Episode

•
•
•
•
•

•

•

•

•

•
•
•

•

•

•
•

•
•

•

•

•

•

•

•

•

Third Episode

•

Fourth Episode

•

Fifth Episode

•

Sixth Episode
NOTE: The lithofacies names and symbols
appear at the end of this table.

r

•

•

•

•

•
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TABLE 6
(CONTINUED)
CORES
BURIE

DIVIDE

McHENRY

DUNN

K>UNTRAIL

REN.

12800 14423 15246 16603 1505 #793 15185 15279 #5281 #5283 #5088 #5257 #6696
REGIONS:
LITil>FACIES:
Sb-10

Ji

§.

~

§.

§.

§.

§.

§.

§.

Ji

§.

§.

§.

E2.

E2x

Sb-12

E2+

Sb-5

?E2x

Sb-8
Sb-2

Elx
Elo

E2x

E2x

E2x

?E2x

Elx
E2x
E2.

E2x

E2.

E2x

E2.

E2•

E2

E2

E2x
E2.

Sb-1

E2"

E2.

E2.

Sb-6

E2x
E2x

El+
E2+
E2"

E2"

?El•
E2+
E2x

E2.

E2.

Sb-3
Vad-1

?E2.

Sb-4

E2.

Sb-11

E2.

E2.

Sb-9

E2.

E2x

Sb-7

E2.

Sb/I/Su

E2x

E2+

E2.

E2+

E2.

?ES•

Su-4

E2.

E2x

E2x

E5x

Es•

E2.

Elo
E2+

ESx

E2+
?ES•

Vad-1
Su-2

,.

Su-3
Su-1
Sb-13

E2+

E2.

E2.

E2.

E2x

E2.
E3x

E3+

Sb-14
Sb-15

E3x

E3+

•

top contact
bottom contact

•

"transitional"
unit
"shale" unit

•

First Episode

•
•

Second Episode
Third Episode

•

Fourth Episode

•

Fifth Episode

•
•

Sixth Episode

•
•

•
•

The lithofacies names and symbols
appear at the end of this table.

NOTE:

•
•

•
•

•

•

•

•

•

•

•
•
•
•
•
•

•
•

•

•

•

•
•

•
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TABLE 6
(CONTINUED)
CORES

WARD

RENVILLE

WILLIAMS

#6624 #6684 #4923 #4992 #5158 #5498

n

#25 #4340 #4379 #4510 #4597 #4618 #4916
.§.

.§.

.§.

.§.

E2x

E2x

E2x

E2x

Sb-8

E2.

E2x

?E2•

?E1•
E2x
E2x

Sb-2

E2x

E2.

E2x

E2.

E2.

REGIONS:
LITil:>FACIES:
Sb-10

J!

.§.

.§.

.§.

.§.

.§.

.§.

Elx
E2x

.§.

E2x

Sb-12
Elx

Sb-5

Sb-1

E2.

E2.

E2"

?E2.

E2•

Sb-6
Sb-3

E2x

E2+

E2+

Vad-2
E2.

E2.

Sb-4
Sb-11

E2.

Sb-9
Sb-7

E2+

Sb/I/Su

E2.

Su-4

E5x

Vad-1

ES+

Elo

E2.

Su-2

E2.

E2x

ESx

?ESx

E2x

Elo

E2.

E2x

E2.

E2•

E2+

E2+

E2.

E2+

E2.

E2•

E2x

E2x

E2•

El+

E2.

?ES•

E2x
E2x

Su-3

E2.

E2•

Su-1
Sb-13

E3x

Sb-14

E3x

Sb-15

E3x

top contact

•

•

•
•

bottom contact
"transitional"
unit
"shale" unit
First Episode
Second Episode

•

•

Third Episode

•
•
•

•

•

•

•

•

•

•

•

•
•

?•

•

•

•

Fourth Episode
Fifth Episode

•

Sixth Episode
NOTE: The lithofacies names and symbols
appear at the end of this table.

T

?•

•

•

•
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TABLE 6

(CONTINUED)
EXPLANATION:
UTIIOFACIES:
Sb-1

Stromatoporoid, Tabulate Coral Boundstone

Sb-2

Peloid Packstone

Sb-3

Porous Dolostone

Sb-4

Red Algae Packstone

Sb-5

Brachiopod, Crinoid Mudstone to Grainstone

Sb-6

Codiacean Algae, Calcisphere Packstone

Sb-7

Ostracode, Calcisphere Packstone

Sb-8

Coral, Stromatoporoid Packstooe

Sb-9

Amphipora Wackestone

Sb-10

Laminated Mudstone

Sb-11

Solitary Coral Wackestone

Sb-12

"Shsly" Dolomudstone

Sb-13

Laminated Dol0111udstone

Sb-14

Laminated and Stromatolite

Sb-15

Laminated Anhydrite

Sb/I/Su

Mottled and Laminated Doloaaudstone

Su-1

Swirled Anhydrite and Dolomudstone

So-2

Algal (Cyanobacterial)

Su-3

Ooid, Peloid Packstone

Su-4

Dark, Mottled Dolomudstone

Vad-1

Hematite Dolomudstone

Vad-2

Piaoid Dolostone

REGIONS

EPISODES OF DEPOSITION

B

basin

El

PR

pinnacle reef
patch reef

E2

pr

s

shelf

E3
E4

ES
E6

AK>UNT OF LITIIOFACIES

+
X

thick
medium
thin

OTHER

•
0

?

7

T

First Episode
Second Episode
Third Episode
Fourth Epiaode
Fifth Episode
Sixth Epiaode

present
absent
lithology of the 1-6 foot
"transitional" unit
in FRONT of symbols question lithofacies presence
in BACI of symbols - question
episode designation
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Figure 19
Photographs and photomicrographs of the Laminated Mudstone Lithofacies
from the Basin Environment and of the Brachiopod, Crinoid Mudstone to
Grainstone Lithofacies from the Shallow Shelf Environment.
A.

Photograph of 1 to 2 millimetre-thick alternating light and dark
laminations, many of which are emphasized by the development of
stylolites and microstylolites with randomly oriented celestite
crystals; Laminated Mudstone Lithofacies (NDGS Well No. 6684- ·
7493).

B.

Photomicrograph of clumped and dispersed micropeloids (a) and
burrows (b); Laminated Mudstone Lithofacies. Incipient stylolites
and microstylolites separate some laminations, with celestite
crystals (NDGS Well No. 6684-7469.7). Bar scale equals 2.0 mm.

C.

Photomicrograph of peloids (a) and burrows (b) in Laminated
Mudstone Lithofacies (NDGS Well No. 6684-7503.0). Bar scale equals
2.0 mm. Up is to the left.

D.

Photomicrograph of finely comminuted material composed mostly of
brachiopod fragments; Brachiopod, Crinoid Mudstone to Grainstone
Lithofacies (NDGS Well No. 6535-6776.4). Bar scale equals 1.0 mm.

E.

Photomicrograph of a typical example of a mixture of wackestone and
packstone textures; Brachiopod, Crinoid Mudstone to Grainstone
Lithofacies (NDGS Well No. 793-11434.9). Bar scale equals 2.0 mm.

F.

Photograph of brachiopod wackestone; Brachiopod, Crinoid Mudstone
to Grainstone Lithofacies (NDGS Well No. 6535-6776/77). Up is to
the left.

G.

Photograph of mottled mudstones above and below packstone;
Brachiopod, Crinoid Mudstone to Grainstone Lithofacies (NDGS Well
No. 4618-11748/49). Up is to the left.

H.

Photomicrograph of various-sized crinoid ossicles and a few
brachiopods with random orientation of platy grains; Brachiopod,
Crinoid Mudstone to Grainstone Lithofacies (NDGS Well No. 50511194A). Bar scale equals 2.0 mm.
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many are composed of several finer laminations, which can range from
0.25 to 0.5 millimetre in thickness.

The laminations are generally

flat and continuous.
Microstylolites or stylolites tend to develop between groups of
laminations, each group with laminations of similar thickness (Fig.

19A).

Microstylolites tend to occur in "swarms" separated by areas

with few microstylolites.

Microstylolites normally have formed within

the darker layer of the couplet and in some cases destroy all or most
of that layer.

Many of the darker laminations also show incipient

microstylolitization.

There may be as much as one or more millimetres

of vertical displacement of the laminations where stylolites develop.
Some laminations contain abundant small burrows (Fig. 19B, 19C)
that have not been observed to cross lamination boundaries.

The

burrows resisted compaction and produced small (0.5 to 1.0 mm) "pinch
and swell" structures.

Small, elliptical peloids of uniform size (0.1

to 0.2 mm) and shape also occur in some places in these laminations
(Fig. 19B, 19C).
peloids.
(Table 4).

The laminations also resist compaction around the

No skeletal organisms have been found in this lithofacies
Very rare quartz silt is present.

No sedimentary

structures other than laminations have been observed, nor has any
texture other than mudstone.

The limestone lithology of this unit

distinctly separates it from overlying laminated dolomudstones.

The

only diagenetic phenomenon (Table 10) in this lithofacies is the
occasional growth of isolated, randomly oriented, straight-sided
celestite crystals (Fig. i9A).

There is rare fracture porosity in this

lithofacies (Table 13).
Rocks from this lithofacies have been identified from two wells
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located in the deep basin region (Table 6).

No attempt was made to

match up individual laminations between these two cores.

The Laminated

Mudstone Lithofacies is underlain by the Brachiopod, Crinoid Mudstone
to Grainstone Lithofacies of the First Episode (Table 5) and is
overlain by the Laminated Dolomudstone Lithofacies of the Third
Episode.

The Laminated Mudstone Lithofacies has not been observed to

interfinger with any other lithofacies in available cores in North
Dakota.

However, a similar lithofacies has been reported to thicken

and interfinger with turbidity current deposits near pinnacle reefs in
Canada (Kendall, 1973, 1976).
Interpretation:--The lime mud for this lithofacies may have
originated from several sources.

Lime mud is thought by some (e.g.,

Milliman and others, 1969) to be, at least in part, from inorganic
precipitation and by others (e.g., Stockman and others, 1967; Neuman
and Land, 1975) to be entirely of organic origin; in either case, the
excess mud went into suspension and was transported off bank.
Laminations are commonly preserved in two separate modern
environments, supratidal and deep-basinal. Comparable laminites from
Canada have been interpreted to have formed in both environments.

Due

to the lack of other associated sedimentary structures in this
lithofacies that are characteristic of supratidal mud flats such as
algal mats, stromatolites, mudcracks, and fenestral fabrics (e.g.,
Kennedy, 1975), the supratidal mud flat is eliminated from further
consideration.
A deep-basin environment is commonly formed by differential
subsidence within an intracratonic basin, with the development of a
sill that prevents a complete overturn of the basin's water column

J
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(Sloss, 1969).

The Elk Point Basin was a deep intracratonic basin

(Grayston and others, 1964) with the Presqu'ile barrier-reef complex
(Morrow, 1973) acting as a sill.

As the depth of the Basin increased,

bottom waters became hypersaline and dense, preventing easy overturn.
This, in turn, may have caused oxygen deficiency that, coupled with a
constant rain of organic matter from the overlying more oxygenated
surface waters, produced stagnant, reducing conditions in the lower
water mass where few organisms, including burrowers, could exist.

The

result was a finely laminated sediment (Wilson, 1975, page 354-355).
In modern deep ocean basins, a tripartite layering of the water
column develops (Byers, 1977).

An upper, aerobic, water layer is

maintained to a depth of 50 metres (164 ft); a middle, dysaerobic
layer, called the pycnocline, forms between 50 to 150 metres (164 to
492 ft); and a lower, anaerobic layer develops below 150 metres (492
ft).

Low-oxygen, marine environments are characterized by small-

diameter, horizontal feeding traces (Rhoads, 1975).

Deposit feeders

(generally burrowers) are better adapted than suspension feeders (some
shelly fauna) for exploiting reducing, subaqueous, sedimentary
environments (Theede and others, 1969).

For this reason, in the modern

middle, dysaerobic layer, a shelly fauna with low diversity is replaced
downward solely by an infauna; in the anaerobic layer even an infauna
is absent (Rhoads, 1975).

Therefore, the result of deposition within

the lower part of the dysaerobic water mass and the entire anaeorbic
water mass is a laminated sediment.

Increases in salinity can cause

the same conditions as the lack of oxygen with increasing depth (Byers,
1977).

The Elk Point Basin was becoming increasingly anaerobic or

saline due to evaporation as basin differentiation was maintained.

T
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first sediments to accumulate on the deep basin floor were dark, fetid
lime mud, similar to those seen on the floor of the Red Sea (Friedman,
1972).
Based on a comparison of log and core data of adjacent pinnacle
reef and basinal wells, the approximate depth of the Basin in North
Dakota at the end of deposition of this unit was a minimum of about 91
metres (298 ft).

The sedimentation rate was slow in the deep basin in

comparison with that of the nearby pinnacle reefs or the shelves, as
interpreted from the isopach map (Fig. 16).

Based upon the evidence

examined above, rocks from the Laminated Mudstone Lithofacies are
interpreted to have formed in the Deep Basin Environment.

Persistent

laminations, small-diameter, horizontal burrows, micropeloids, and an
apparent depth of approximately 91 metres indicate deposition in deep
water, below wave base, with decreasing dissolved oxygen content and
increasing hypersalinity, probably within the dysaerobic layer in
depths lower than 50 metres.

Deep Shelf Environment
A "Shaly" Dolomudstone Lithofacies is the only lithofacies
interpreted to have developed in a Deep Shelf Environment in North
Dakota.

This Deep Shelf Environment was formed nearer shore than the

Deep Basin Environment but seaward of the Shallow Shelf Environment.
Rocks from this environment were deposited in deep waters under
restricted, stagnant or hypersaline conditions.

"Shaly" Dolomudstone Lithofacies
Description:--The "Shaly" Dolomudstone Lithofacies is composed
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of dark brown to black, homogeneous to mottled dolomudstone.
lithofacies generally lacks a skeletal fauna (Table 4).

This

The texture is

almost all mudstone or dolomudstone with wackestone lenses 0.5 - 1.0
centimetre thick; these occur at intervals of 10.0 centimetres near the
base, but are more widely spaced upward.

The wackestone contains rare

crinoids and fragmented to whole brachiopods.

A large amount of

organic matter is present.
The "Shaly" Dolomudstone Lithofacies has been identified from
several well logs by its characteristic "shale" response or "hot"
deflection on the gamma-ray curve of mechanical logs.

The approximate

area of its distribution is shown on Figure 14 as the "shale" areas.
This lithofacies has been identified from only one core (NDGS Well
No. 5088, Table 6).

Total Petroleum Co., Denver, Colorado, obtained

samples from this core in the interval from 12129 to 12118 ft (3697 to
3694 m) on which they had tests performed.

The analysis showed that

the mineralogical composition of the rock was: 41% ankerite, 18% clay
minerals, 15% calcite, 9% dolomite, 9% pyrite, 5% quartz, and 1% each
of plagioclase, potassium feldspar, and an unidentified zeolite
(personal communication, P. T. Ray, 1983, Chief Geologist, Total
Petroleum Company, Denver, Colorado).

Geochemical analysis of this

rock showed a total organic content of 0.37 weight per cent.

The

"Shaly" Dolomudstone Lithofacies occurs both above and below rocks that
belong to the Brachiopod, Crinoid Mudstone to Grainstone Lithofacies
and was deposited during the Second Episode (Table 5).
The diagenetic features of this lithofacies (Table 10) include
extensive fracturing and pervasive fine-grained dolomitization that
increases upward.

T

The result of the fracturing is that part of this
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interval of "core" is composed of 2 to 3 centimetre-thick blocks of
rock.

This lithofacies has abundant intercrystal and common fracture

porosity (Table 13).
Interpretation:--The depositional environment represented by
rocks from the "Shaly" Dolomudstone Lithofacies was the deep shelf,
below wave base, where fine-grained sediments accumulated in deeper
waters under partially restricted, dysaerobic conditions.

The lime mud

was produced on the shelves and was washed into the deeper waters
(Wilson, 1969).

The massive bioturbation in mudstones which seldom

contained a shelly fauna indicated a lessening in dysaerobic conditions
but an environment somewhat similar to that described in the previous
section on the Deep Basin Environment.

The interpretation of

deposition on the deep shelf, the bottom constantly under wave base,
and of increasingly restricted conditions is inferred from a mudstone
lithology, general lack of a shelly fauna, common bioturbation, and
large amount of organic matter.

Shallow Shelf Environment
A Brachiopod, Crinoid Mudstone to Grainstone, a Coral,
Stromatoporoid Packstone, and a Peloid Packstone Lithofacies have been
identified from the Shallow Shelf Environment in North Dakota.

This

Shallow Shelf Environment formed nearer shore than the Deep Shelf
Environment, but formed seaward of the Reef and Lagoon Environments of
deposition.

Rocks from the Shallow Shelf Environment were interpreted

to have been deposited under shallow but variable water depths,
generally with open circulation, normal salinity, good water clarity
and light penetration, warm temperature, and with variable current

--------
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conditions.

The Shallow Shelf Environment has been found to have a

widespread distribution in the shelf region.

Brachiopod, Crinoid Mudstone to Grainstone Lithofacies
Description:~The lithology of the Brachiopod, Crinoid Mudstone
to Grainstone Lithofacies is composed of medium to dark gray
fossiliferous limestone.
are brachiopods (Table 4).

The dominant constituents of this lithofacies
In most cases, the valves are broken into

many variable-length fragments (Fig. 19D); in some samples, a few of
the valves are complete (Fig. 19E), and in some cases, both valves are
still together.
samples.

There is size-sorting of the fragments in a few

Most of the fragments are angular (Fig. 19D, 20B), but some

show rounded edges, with some encased in micritic rims.

Most of these

brachiopod shells have an internal impunctate structure, but rare
punctate and very rare pseudopunctate structures are found.

The

dominant brachiopods are atrypides; spiriferoids and productoids also
occur.
Pelmatozoan material is also common in this lithofacies.
Generally, pelmatozoan grains are less abundant than brachiopods (Fig.
19F), but, in some cases, the reverse is true (Fig. 19G).
probably mostly from crinoids, are most abundant.

Ossicles,

Spines and other

unidentifiable debris are rare to common in some samples.

Commonly,

crinoid ossicles are present in a range of sizes (Fig. 19H).
Textures in this lithofacies vary extensively.

Mudstone (Fig.

20A), wackestone (Fig. 19E, 19F), packstone (Fig. 20B), grainstone
(Fig. 65A), and overpacked packstone (Fig. 20B) and grainstone textures
occur.

Mudstone intervals dominate the core (Fig. 20A, large parts of
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Figure 20
Photograph and photomicrographs of the Brachiopod, Crinoid Mudstone to
Grainstone Lithofacies from the Shallow Shelf Environment.
A.

Photograph of mottled mudstone (NDGS Well No. 5088-12210).
to the left.

Up is

B.

Photomicrograph of overpacked packstone composed mostly of platy
brachio.pod shells and some tabulate corals (NDGS Well No. 79311452 .8). Bar scale equals 2.0 mm.

C.

Photomicrograph of a vertical burrow. Note difference in textures
between mudstone matrix and packstone burrow-fill deposited from
the overlying bed of packstone (NDGS Well No. 4618-11738.6). Bar
scale equals 2.0 mm. Up is to the left.

D.

Photomicrograph of gastropods and a bivalve with minor brachiopod
shells. Minor anhydrite replacement occurs on the right (NDGS Well
No. 4340-11547.8). Bar scale equals 1.0 mm.

E.

Photomicrograph of an oncolite developed around an intraclast.
Beaded blue-green algae (Sphaerocodium) occurs in the oncolite
(NDGS Well No. 5246-10280.0). Bar scale equals 1.0 mm.

F.

Photomicrograph of a ramose bryozoan, impunctate and punctate
brachiopods, and crinoids with stylolite outlining the bryozoan
(NDGS Well No. 793-11453.2). It was taken with polarized light.
Bar scale equals 0.5 mm.

G.

Photomicrograph of an encrusting bryozoan growing on a fenestrate
bryozoan (NDGS Well No. 5280-4747.8). It was taken with polarized
light. Bar scale equals 0.5 mm.

H.

Photomicrograph of an encrusting foraminifera growing on a
brachiopod shell (NDGS Well. No. 793-11451.8). It was taken with
polarized light. Bar scale equals 0.5 mm.

-

-

-

95
19G).

When examined under the microscope, most of these mudstones have

a fine fraction of unidentifiable comminuted material and small
brachiopod fragments.

Commonly, thin- to medium-sized beds (1 to 6 cm

thick) with wackestone and packstone textures (Fig. 19G) are
interbedded with the mudstones.

Rarely, there are interbedded

limestones that have grainstone textures, with some parts poorly
washed.

Allochems frequently occur densely packed (Fig. l9D) to

overpacked (Fig. 20B).

In many of the samples with overpacked

textures, the brachiopod shells are bent or fractured, and many grains
which touch each other have undergone some pressure solution at the
grain-to-grain contacts (Fig. SSC, S8D).

The boundaries between

packstones or grainstones with underlying or overlying mudstones tend
to be flat to slightly undulatory.

Their lower contacts are commonly

abrupt, and, in many cases, stylolitic.
gradational.

Upper contacts appear to be

Stylolitization tends to be even more common within the

overpacked limestones, but many stylolites die out laterally.
The sediment commonly appears mottled due to a variety of factors
which include bioturbation (Fig. 20A) which mixes texture types (Fig.
20B) and variable dolomitization (Fig. 9F, 9G).

Some distinct burrows

are visible, and usually the burrow is filled with a fabric different
than the matrix (Fig. 20C); in some cases, the burrowed areas have been
preferentially dolomitized (Fig. 53A).

Commonly, brachiopod valves are

present with the long axis oriented in any direction (Fig. 19F, 20B)
due to disruption by burrowers.

However, in some cases, the valves lie

parallel to each other and parallel to bedding, indicating lack of
bioturbation and an original sedimentary fabric.
Other allochems variably present (Table 4) include connnon to
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abundant gastropods and bivalves (Fig. 20D), rare oncolites (Fig. 20E)
with blue-green algal filaments (Girvanella) or blue-green algal
"beads" (Sphaerocodium; Wray, 1977a), rare to common tabulate
corals (e.g., Thamnopora) (Fig. 21D) and tabular-shaped
stromatoporoids, common ramose bryozoans (Fig. 20F), fenestrate
bryozoans (Fig. 20G), encrusting bryozoans (Fig. 20G), encrusting
foraminifers (Fig. 20H), trilobites, tentaculitids (Fig. 21A),
ostracodes, phosphate grains of possible conodont origin (Fig. 21B),
red algae, calcispheres, and blue-green algal filaments in the matrix.
Commonly, bivalve shells and other allochems are bored (Fig. 53C,
S3D).

Both bivalve and gastropod shells have micritic rims developed

in many cases (Fig. SSG); the shell has been replaced by equant calcite
spar (Fig. SSB).

Shelter porosity commonly occurs beneath elongated

grains (Fig. 65A), and geopetal fabric develops where the entire
central cavity was not filled with matrix (Fig. SSA).

In a few cases,

the area between valves remains open; no matrix, or only a small
amount, has filtered into the intraparticle pore, and calcite spar has
not been precipitated in the remaining void.

These shells are

susceptible to fracturing during compaction.
In some mudstones and wackestones of this lithofacies, nodules
have been "fractured" (Fig. S4H).

These V-shaped fractures occur most

frequently on the upper surface of the nodules.
with isopachous, calcite cement.

They have been lined

Another type of "void" which appears

in associated rocks forms H- and Y-shaped fractures with triple
junctures (Fig. SSF).

These "voids" occur on several size scales; the

sides are really composed of several en echelon "voids."
now filled with equant calcite spar.

They are

Horsetail stylolites (Fig. 58G)
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Figure 21
Photographs and photomicrographs of the Brachiopod, Crinoid Mudstone
to Grainstone and of the Coral, Stromatoporoid Packstone Lithofacies,
both from the Shallow Shelf Environment.
A.

Photomicrograph of tentaculitids; Brachiopod, Crinoid Mudstone to
Grainstone Lithofacies (NDGS Well No. 5088-12193.4). Bar scale
equals 1.0 mm.

B.

Photomicrograph of a phosphatic conodont; Brachiopod, Crinoid
Mudstone to Grainstone Lithofacies (NDGS Well No. 793-11500-0).
Bar scale equals 1.0 mm.

C.

Photograph of tabulate corals (Thamnopora) in packstone;
Coral, Stromatoporoid Packstone Lithofacies (NDGS Well No. 79311437). Up is to the left.

D.

Photomicrograph of a tabulate coral (Thamnopora). Other
allochems are mostly brachiopod fragments and crinoid ossicles;
Coral, Stromatoporoid Packstone Lithofacies (NDGS Well No. 79311485.7). Bar scale equals 2.0 mm.

E.

Photograph of tabulate corals (Thamnopora) and a massive,
rugose coral (Hexagonaria); Coral, Stromatoporoid Packstone
Lithofacies (NDGS Well No. 4916-12067). Up is to the left.

F.

Photomicrograph of a rugose coral (Hexagonaria); Coral,
Stromatoporoid Packstone Lithofacies (NDGS Well No. 4916-12050.2).
Bar scale equals 2.0 mm.

G.

Photograph of Alveolites, a tabulate coral, and a domal
stromatoporoid with dendroid stromatoporoids (Stachyodes);
Coral, Stromatoporoid Packstone Lithofacies (NDGS Well No. 52835268). Up is to the left.

H.

Photomicrograph of the longitudinal (left) and transverse (right)
view of Alveolites; Coral, Stromatoporoid Packstone Lithofacies
(NDGS Well No. 5280-4746.3). Bar scale equals 2.0 mm.
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and stylolites (Fig. 59B) are abundant.

They occur both within and

between differing textures.
Dolomitization tends to be concentrated in the matrix of mottled
areas, but some samples have been almost completely altered.

In

places, micrite has been replaced by microspar and rarely pseudospar.
Syntaxial overgrowths on crinoid grains are found in some samples.
Rarely, there has been a single stage of cementation by a void-filling,
equant, calcite spar; in most cases, there have been two stages of
cementation.

The first stage was an isopachous, void-lining, fibrous,

calcite cement followed by a second stage of void-filling, equant
calcite spar.

Other diagenetic products (Table 10) found in this

lithofacies include pyrite, which occurs concentrated along skeletal
fabrics, outlining burrows and the margin of intraclasts (Fig. 53B),
and disseminated throughout the matrix, and bladed or blocky anhydrite
found as cement in vugs, or found replacing matrix (Fig. 63B) or
allochems (Fig. 60G, 63A).

The types of porosity present in this

lithofacies include abundant interparticle and shelter porosity, common
intraparticle, moldic, and burrow porosity, and rare intercrystal,
fracture, vug, boring and shrinkage porosity (Table 13).
Rocks from the Brachiopod, Crinoid Mudstone to Grainstone
Lithofacies have been identified from many cores in North Dakota (Table
6).

All cores that penetrate rocks of the lower part of the

Winnipegosis Formation (First Episode), regardless of the geographic
region that later develops, contain this lithofacies.

This lithofacies

also is found in the middle part of the Winnipegosis Formation (Second
Episode) in all shelf regions.

This lithofacies interfingers commonly

with, and is overlain by, the Coral, Stromatoporoid Packstone
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Lithofacies, and it rarely interfingers with the Peloid Packstone
Lithofacies (Table S).
Interpretation:--The Brachiopod, Crinoid Mudstone to Grainstone
Lithofacies is interpreted to have formed under normal marine
conditions, due to the presence of brachiopods, crinoids, bryozoans,
corals, stromatoporoids, and trilobites.

Such a stenohaline fauna is

indicative of a subtidal marine environment (Heckel, 1972); the
interpretation is also supported by such a high diversity of organisms
(Laporte, 1967).

Abundant filter-feeding organisms such as

brachiopods, bryozoans, and pelmatozoans, which require clear waters
with not much turbidity, were present (Rudwick, 1970; Heckel, 1972).
Periods of increased water turbidity were minor, or short-lived.
Although textures vary, mudstones and wackestones dominate the
lithology.
produced.

This was an environment in which much carbonate mud was
The mud was derived probably from a combination of abrasion

(Chave, 1964) or disintegration (Swinchatt, 1965) of skeletal allochems
or calcareous algae, or possibly by direct inorganic precipitation of
calcium carbonate.

As soon as the mud was produced, it was winnowed

out of areas with high energy conditions and transported to areas with
lower energy conditions where it could settle or be winnowed by
fenestrate bryozoans (Guffey, 1977), which also may have trapped or
stabilized the mud upon their death.

Therefore, the majority of

sediment that belongs to this lithofacies was deposited in such a
quiet-water environment below wave base.
Packstones formed in areas where there was an abundance of
allochems in comparison to the amount of mud present (Dunham, 1962).
Grainstones form either by deposition from a waning current, the

r
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bypassing of mud, or mud being winnowed from previously deposited
sediment.

Because many of the brachiopods have been fragmented, and

packstone and rare grainstone textures have been found, the bottom may
have been periodically affected by deep currents.
Burrowing is by far the major sedimentary structure of these
rocks.

Distinct vertical burrows were recognized, as well as a general

mottling of the rock (Moore and Scruton, 1957).

Bioturbation of the

sediment in effect "loosens up" the density of the mudstone from the
compactness that would have been the result of deposition.

This

results in bioturbated areas of the rock allowing easier passage of
fluids.

Many bioturbated areas of the rock have undergone

dolomitization, while the undisturbed areas have been unaltered in this
manner (Osmond, 1956; Shinn, 1968b; Morrow, 1978).
Rocks from this lithofacies tend to be fairly dark, indicating
that there has been much organic content or argillaceous material
incorporated within the sediment.

This is especially true of rocks

from the western and southern shelves.

The rocks from this lithofacies

from the eastern shelf are much lighter in color.
generally dark core have been bioturbated.

Light areas of the

The lighter mudstone core

samples were actually composed of fine comminuted material with true
wackestone or packstone textures; the darker areas had no allochems or
at least less allochems (true mudstones).

Recrystallization has also

produced lighter areas of microspar with darker areas of micrite;
recrystallization has been able to progress further in bioturbated
areas.
The Brachiopod, Crinoid Mudstone to Grainstone Lithofacies is
interpreted to have been deposited on a gently sloping marine shelf

1
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with good water circulation and light conditions, and with low to
moderate energy conditions, at or below wave base.

Coral, Stromatoporoid Packstone Lithofacies
Description:~The corals found in the Coral, Stromatoporoid
Packstone Lithofacies include specimens of Thamnopora (Fig. 21C, 21D,
26B, 26F), Hexagonaria (Fig. 21E, 21F), Alveolites (Fig. 21G, 21H),
Favosites (Fig. 22A, 26C), and solitary rugosans (Fig. 22B).

The genus

name Thamnopora has been used in this study and the appendices for most
specimens of branching or dendritic tabulate corals, although, some
specimens designated thus may include Coenites and Cladopora.
Individual stromatoporoids were usually too altered by diagenesis to
identify to genus, but from rare, well-preserved specimens,
Stromatopora, Actinostroma ("massive" stromatoporoids), and
Stachyodes (erect, dendroid stromatoporoids) were identified.

The

first two genera and probably other stromatoporoids produce a variety
of growth forms (Fig. 23).

These include common tabular forms (0.5 to

1.5 cm thick) (Fig. 22C), rare thin tabular forms (1 to 10 nun), conunon
thin anastomosing-encrusting forms (Fig. 22D), rare bulbous forms (with
5 to 15 cm diameters), and common hemispherical forms (ranging from 5
to 10 cm wide and 8 to 15 cm tall) (Fig. 22E).

The branching or

dendroid form of stromatoporoids found in this lithofacies includes
rare specimens of Stachyodes (Fig. 22F, 58A) and very rare Amphipora.
Well preserved stromatoporoids show characteristic laminar room and
pillar construction (vertically oriented, Fig. 22G, and horizontally
oriented, Fig. 22H).
Most corals and stromatoporoids occur as solitary giant grains
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Figure 22
Photographs and photomicrographs of the Coral, Stromatoporoid Packstone
Lithofacies from the Shallow Shelf Environment.
A.

Photomicrograph of a tabulate coral (Favosites) (NDGS Well
No. 5280-4722.0). Bar scale equals 2.0 mm.

B.

Photomicrograph of a solitary rugosan coral (NDGS Well No. 52795106.8). Bar scale equals 1.0 mm.

C.

Photograph of tabular growth morphology in a stromatoporoid (NDGS
Well No. 4340-11525/26).

D.

Photograph of thinly encrusting and anastomosing stromatoporoids
(NDGS Well No. 4340-11529). Up is to the left.

E.

Photograph of a semi-hemispherical growth morphology in a
stromatoporoid (NDGS Well No. 4916-12036). Up is to the left.

F.

Photomicrograph of a branching or dendroid stromatoporoid
(Stachyodes) (NDGS Well No. 5279-5106.9). Bar scale equals
2.0 mm.

G.

Photomicrograph of the longitudinal view of a stromatoporoid that
displays the characteristic pillar and collumn structure
surrounding the galleries or intraparticle pores (NDGS Well
No. 5283-5280.3). Bar scale equals 0.5 mm.

H.

Photomicrograph of the transverse view of a stromatoporoid with
galleries or intraparticle pores (NDGS Well No. 5280-4736.1). Bar
scale equals 0.5 mm.

l
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associated with much smaller whole skeletal grains and fragmented
shells. The large solitary grains of corals and stromatoporoids do not
bind each other or sediment.

Some isolated solitary and tabulate

corals are "oncolitically-coated" with blue-green algal filaments
(Girvanella or Sphaerocodium), with a few stromatoporoid laminae,
or, in very rare cases, with encrusting foraminifers.
An upward trend of composition or morphotypes of the fauna has
been identified from the Winnipegosis in North Dakota and reported from
other Devonian reefs (Walls and Burrowes, 1985).

Brachiopods, corals

and sometimes stromatoporoids occur together in lower rocks; the
overlying rocks contain only corals and stromatoporoids; and in
uppermost rocks, stromatoporoids occur alone.

The morphology of the

stromatoporoids also changes upward from tabular forms to large bulbous
and hemispherical forms, both in growth position and overturned.
Other allochems such as brachiopods, crinoids, ramose and
fenestrate bryozoans, mollusks, and trilobites may be present (Table
4).

Small, round to oval, uniformly-sized peloids, probably of fecal

origin, are common.

Bioturbation can be discerned in many samples.

Rarely are grains micritized, broken or offset.
There is rare to pervasive dolomite replacement in this
lithofacies.

Dolomitization replaces first textures within the matrix,

and then skeletal constituents.

In well preserved samples, corals can

be recognized by the fine fibrous skeleton, normally with a dark
central sclerite; with minor replacement, details of the coral skeleton
can still be recognized (Fig. 26F).

The same is true of slightly

altered stromatoporoids (Fig. 30H).

A "reverse" porosity develops in

some samples of corals in which the skeleton has been replaced by

I
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coarsely crystalline dolomite and the mud fill of the original
intraparticle pores has been replaced by finely crystalline dolomite.
Sample preparation has caused plucking of the coral-skeletal dolomite
and a porosity inversion resulted.
Common intraparticle, moldic, and burrow porosity, and rare
interparticle, intercrystal, shelter, fracture, vug, and boring
porosity have been identified from this lithofacies (Table 13).

Much

of the pore space is still open; that which is not has been filled with
mud, or with a combination of void-lining, fibrous, isopachous and
void-filling, equant, calcite cements, or with blocky, anhydrite
cement.

Stylolites and microstylolites are common, many times

outlining at least one side of a giant grain, with rare pressure
solution where two large, massive grains come into contact.

Wispy

stringers of concentrated residue are rare, but fracturing is common.
Some of the micrite matrix has undergone recrystallization to
microspar.

In addition, isolated, bladed to blocky crystals of

anhydrite are found replacing the matrix, and partly replacing skeletal
grains, whereas felted anhydrite occurs in distinct nodules (Table 10).
The Coral, Stromatoporoid Packstone Lithofacies was deposited
during the Second Episode of deposition.

It has been identified in

many cores (Table 6) from the western, southern, and eastern shelf
region in North Dakota.

This lithofacies is most closely associated

with the Peloid Packstone, the Brachiopod, Crinoid Mudstone to
Grainstone, and the Stromatoporoid, Tabulate Coral Boundstone
Lithofacies (Table 5).
Interpretation:--The Coral, Stromatoporoid Packstone Lithofacies
is interpreted to have formed under normal marine conditions, due to
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the presence of abundant corals and stromatoporoids, common brachiopods
and crinoids, and rare bryozoans and trilobites.

Such a diverse,

stenohaline fauna is indicative of a subtidal marine environment
(Laporte, 1967; Heckel, 1972).
Branching, tabulate corals (Thamnopora) were most common and
widespread in wackestones and packstones of this lithofacies where they
appeared tolerant of considerable variation in water depth, turbulence,
and substrate type.

A similar situation was identified in Upper

Devonian rocks in Canada (Jamieson, 1971).
Ancient stromatoporoids have been thought to have an affinity with
a variety of groups (Kazmierczak, 1981), but present consensus suggests
that they have an affinity with the sclerosponges (e.g., Stearn,
1982b).

If this is true, then stromatoporoids were probably sessile,

suspension feeders; a generally rounded plan view supports this
interpretation (Kershaw and Riding, 1978).

Therefore, stromatoporoids

needed constant water movement, good circulation, not much turbidity, a
firm substrate for attachment, and slow deposition (Heckel, 1972).

It

is not known whether ancient corals (Heckel, 1972) or stromatoporoids
(Heckel and Witzke, 1979) were hermatypic, but the preserved blue-green
algal filaments found encrusting both corals and stromatoproids in the
Winnipegosis suggests that they might have been.
Stromatoporoid growth forms were not controlled by species
diversity (Fischbush, 1968, 1970; Kobluk, 1975; Kershaw, 1984) but
rather by the environment.

Several authors (e.g., Noble, 1970; Abbott,

1973; Kobluk, 1975; Kershaw and Riding, 1978) have offered
classifications of stromatoporoid morphology; the classification of
Kobluk (1975) is followed in this study (Fig. 23) and includes the

T
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Figure 23
Terminology of stromatoporoid morphology used in this study.
A.

Two dimensional view (after Kobluk, 1975).

B.

Three dimensional view (after Kobluk, 1978).

1
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following growth forms: hemispherical, bulbous, irregular, tabular,
encrusting, and branching or dendroid.

The term "domal" is used in

this study as an all-inclusive term for the hemispherical, bulbous, and
irregular forms.

The common tabular growth form of stromatoporoids

found in this lithofacies is interpreted to be an adaptation to growth
in muddy areas of low wave energy due to a low, evenly spread
coenosteal weight to prevent sinking or overturning (Kershaw, 1984).
Tabular forms could have thrived only at times or in areas of little or
no sedimentation because they are more susceptible to choking by
sediment than the domal shape.

The rare domal shapes (hemispherical

and bulbous) with higher mass per unit area of base in this lithofacies
are interpreted to have been adapted to firmer substrates (Kershaw,
1984) because of the increased likelihood of sinking or overturning,
unless they became partly buried in the mud to prevent overturning
(Kobluk, 1975).

The convex upper surface of domal stromatoporoids

helped to shed sediment.

However, sediment frequently accumulated on

the lower parts that were more subhorizontal in orientation (Kershaw,
1984), possibly due to entrapment by algal filaments that were present.
This produced a "ragged" edge due to death of the organism on the lower
margins (Kobluk, 1975; Kershaw and Riding, 1978).

Tabular

stromatoporoids have been reported in Canada to grow in deeper water
than domal forms (Jenik and Lerbekmo, 1968) and along with domal forms
to form a bank on the shelf (Murray, 1966; Dolphin and Klovan, 1970;
Noble, 1970).

Growth forms should not be used as the only criterion of

environment for Stearn (1982a) cautions that the shapes of reef
organisms are not specific guides to environment of modern reefs,
therefore, certainly are not guides to ancient ones.
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The Coral, Stromatoporoid Packstone Lithofacies is interpreted to
have been deposited on a gently sloping, open marine shelf with good
circulation and light conditions and of low to moderate energy below
wave base, bu~ with periods of rapid deposition of mud that hindered
sustained growth of corals and stromatoporoids, killing individuals
before a rigid reef structure could become established.

Peloid Packstone Lithofacies
Description:--Rocks from the Peloid Packstone Lithofacies show
variable bedding which ranges from 1 - 3 millimetre thick laminations
(Fig. 24A) to thin 0.5 - 1.0 centimetre-thick beds (Fig. 24B), or to
thicker "massive" bedding.

The dominant texture found in this

lithofacies is packstone, but there are common samples with a
grainstone texture.

Rarely, intraclasts found within this lithofacies

are imbricated.
The dominant constituent of this lithofacies is peloids (Table 4).
Two distinctly different size ranges of peloids occur.

The smaller

peloids, composed of structureless micrite, have a range in size from
0.02 to 0.1 millimetre, and are elliptical to subspherical in shape.
Therefore, the smaller peloids appear uniform in size and shape.

The

larger peloids range in size from 0.1 to 0.6 millimetre, and are
typically somewhat irregularly-shaped.

Some samples contain both types

of peloids in a mixed distribution (Fig. 24C) or in alternating thin
beds (Fig. 24A), whereas other samples contain only one size of peloids
(Fig. 24D).

The large peloids are composed either entirely of micrite

or of an outer rim of micrite with a central allochem shell.

A unique

peloid of similar size and shape to the large peloids was found to be
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Figure 24
Photographs and photomicrographs of the Peloid Packstone Lithofacies
from the Shallow Shelf Environment and of the Stromatoporoid, Tabulate
Coral Boundstone Lithofacies from the Reef Environment.
A.

Photomicrograph of alternating laminae composed of silt and smallsized, spherical peloids with a packstone texture and large-sized,
irregularly- shaped peloids with a grainstone or packstone texture;
Peloid Packstone Lithofacies (NDGS Well No. 5279-5106.1). Bar
scale equals 1.0 mm. Up is to the left.

B.

Photograph of peloid wackestone with stylolites; Peloid Packstone
Lithofacies (NDGS Well No. 5279-5105/06).

C.

Photomicrograph of dominantly small-sized, uniform, semi-spherical
to elliptical peloids probably of fecal origin; Peloid Packstone
Lithofacies (NDGS Well No. 5281-4792.9). Bar scale equals 1.0 mm.

D.

Photomicrograph of large-sized, irregularly-shaped peloids; Peloid
Packstone Lithofacies (NDGS Well No. 5088-12028.9). Peloids may be
of mixed origin, but micritized grains are the most likely. Some
calcispheres are visible (spar centers). Bar scale equals 1.0 mm.

E.

Photomicrograph of intraclasts with peloids and gastropods; Peloid
Packstone Lithofacies (NDGS Well No. 5088-12157.4). Bar scale
equals 2.0 mm.

F.

Photograph of overturned hemispherical stromatoporoid and the lower
part of a bulbous stromatoporoid in growth position with
surrounding packstone texture; Stromatoporoid, Tabulate Coral
Boundstone Lithofacies (NDGS Well No. 5280-4737). Up is to the
left.

G.

Photograph of encrusting stromatoporoids; Stromatoporoid, Tabulate
Coral Boundstone Lithofacies (NDGS Well No. 5280-4726).

H.

Photograph of part of a hemispherical stromatoporoid surrounded by
packstone texture; Stromatoporoid, Tabulate Coral Boundstone
Lithofacies (NDGS Well No. 5280-4734/35). Note dark layers between
laminae; blue-green algal filaments trap mud. Up is to the left.
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composed of micrite criss-crossed by tubular filaments of blue-green
algae.
Many samples contain both large peloids and calcispheres.

Most of

the calcispheres in this lithofacies have spar-calcite centers, a
calcite wall, and radiating spokes which are surrounded by dense
micrite between the spokes (Fig. 24D).

The calcispheres appear as a

grain of the same size as the large peloids.

In samples with

dolomitization, the matrix is altered first, leaving the calcispheres
and surrounding micrite unaltered, which causes these grains to appear
similar to micrite-rimmed grains.
In addition to peloids, other common constituents include
gastropods and intraclasts.

The gastropods range from large, ornate,

medium-spired forms (9 to 12 mm high) to small, plain, low-spired forms
(1 to 3 mm high) (Fig. 24E).

The intraclasts range in shape from

almost spherical, to elliptical, to an irregular shape (Fig. 24E) and
range in size from 1 to 13 millimetres in diameter.

They are composed

of mudstone or wackestone with rounded edges; some have been encrusted
by blue-green algae, forming oncolites.

Several rare intraclasts

exhibit micrite criss-crossed by tubular filaments of blue-green algae
(Girvanella).

Most of the intraclasts have been derived from the

Brachiopod, Crinoid Mudstone to Grainstone Lithofacies as well as the
Peloid Packstone Lithofacies itself.

Other constituents sporadically

present in the Peloid Packstone Lithofacies include crinoids,
brachiopods, bivalves, corals (Thamnopora, Syringopora, and
solitary rugosans), ostracodes, tentaculitids, ramose and fenestrate
bryozoans, trilobites, dendroid stromatoporoids (Amphipora), red
and codiacean algae, and random blue-green algal filaments in the mud
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matrix.
Varied diagenetic phenomena occur in these rocks (Table 10).
Effects of biologic diagenesis include bored allochems, micrite-rim
development on grains, and complete micritization of grains.
Neomorphism (Folk, 1965, p. 21) includes both mollusk inversion
(aragonite to calcite) and micrite recrystallization to microspar
(calcite to calcite).

There occurs some shelter porosity beneath platy

grains, and rare fenestral fabric, both are filled with equant, calcite
spar.

Syntaxial overgrowths have formed on crinoid ossicles.

Intraparticle porosity, when it occurs, has been filled in one or two
stages of cementation, similar to the previous lithofacies.

Bladed and

blocky anhydrite is found to replace mud matrix, to form a cement in
grainstones, and to fill vugs.

Felted anhydrite is found in nodules.

Dolomite replacement has occurred locally; the amount of replacement
ranges from minor patches in some samples to pervasive, dominant
replacement of the matrix in other samples.

The latter situation

results in what appears to be unreplaced fossils and peloids floating
in a dolomite matrix.

Larger, sometimes zoned, dolomite rhombohedra

have formed in some samples, replacing both the mud matrix and some of
the fossils.

Other diagenetic phenomena include disseminated pyrite,

fracturing, stylolitization, and microstylolitization.

Types of

porosity found in this lithofacies include common interparticle and
moldic, and rare intraparticle, intercrystal, shelter, fracture, and
boring (Table 13).
The Peloid Packstone Lithofacies has been identified in numerous
cores from rocks that formed during the Second Episode in the shelf
region of North Dakota (Table 5).

The Peloid Packstone Lithofacies
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interfingers with the Brachiopod, Crinoid Mudstone to Grainstone and
the Coral, Stromatoporoid Packstone Lithofacies, both also from the
Shallow Marine Environment, with the Amphipora Wackestone Lithofacies
from the Lagoon Environment, and with the Mottled and Laminated
Dolomudstone Lithofacies from the Tidal-flat Environment (Table 6).
Interpretation:--The Peloid Packstone Lithofacies is interpreted
to have formed under subtidal, normal marine conditions with good light
penetration, with moderate to high energy conditions, from below to
just above wave base.
Peloids are allochems composed of micrite, irrespective of size or
origin (Swinchatt, 1965).

The two shapes and sizes of peloids found in

this lithofacies appear to have had diverse origins.

The small,

elliptical to subspherical peloids that are very uniform in size and
shape are interpreted to be of fecal origin (Bathurst, 1971), their
preservation due to organic binding or syndepositional cementation
(Wanless and others, 1981).

In some cases, they have been sorted by

currents (Risk and Moffat, 1977).

The large peloids, commonly

irregular in shape, are interpreted to be micritized skeletal grains
(Kobluk and Kahle, 1978; Coniglio and James, 1985), although a fecal or
intraclast origin is possible for some of these peloids.

In some

cases, the bored skeletal sands may have been beach rock (Beier, 1985).
Micritization of skeletal grains in this lithofacies began by the
formation of a micritic envelope: the exterior of the grain was bored
by endolithic algae, the abandoned tubular cavity was filled by the
precipitation of micrite cement (Winland, 1968; Kendall and Skipwith,
1969; Gebelein and Hoffman, 1971), and, as repeated boring continued,
the tubes overlapped until the entire outer margin of the grain was
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transformed to micrite.

Where the process continued beyond this stage,

the entire grain was altered to micrite (Bathurst, 1966).
There were periodic currents that could sort grains, either before
or after micritization.

They winnowed mud from grainstones, and

transported intraclasts in some cases, leaving them imbricated.
Crinoids, brachiopods, bryozoans, corals, and trilobites are present,
although rarely, at least in recognizable grains, indicative of normal
marine conditions.

Micrite is present as matrix in most samples;

either not all mud was winnowed or soft fecal pellets may have
collapsed (Wanless and others, 1981).
The Peloid Packstone Lithofacies is interpreted to have been
deposited on a gently sloping, open marine shelf with good circulation
and light penetration, with moderate to rarely high energy conditions
below or just above wave base.

Reef Environment
Four lithofacies are recognized from the Reef Environment.

The

first two are "depositional" lithofacies: the Stromatoporoid, Tabulate
Coral Boundstone and the Codiacean Algae, Calcisphere Packstone
Lithofacies.

The second two are "diagenetic" lithofacies: the Porous

Dolostone and the Pisoid Dolostone Lithofacies.

The Reef Environment

formed in higher energy areas, possibly nearer shore than the Shallow
Shelf Environment.

Patch reefs formed at the shelf margin and on

shoaling highs on the shelf.

The atoll-like pinnacle reefs formed in

the basin and on the slope in areas where carbonate production was
sufficient to keep pace with rising sea level.
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Stromatoporoid, Tabulate Coral Boundstone Lithofacies
Description:~The major characteristic of the Stromatoporoid,
Tabulate Coral Boundstone Lithofacies is the common encrustation among
the allochems.

Stromatoporoids and tabulate corals are the most

dominant megascopic allochems with abundant blue-green algal filaments
identified from well-preserved samples of this lithofacies (Table 4).
Stromatoporoids with bulbous to hemispherical growth forms are.
abundant (Fig. 24F), but there are also common encrusting (Fig. 24G)
and tabular forms.

The bulbous and hemispherical growth forms range in

size from approximately 2.0 centimetres (width) and 3.0 centimetres
(height) to 9.0 centimetres (width) and 12.0 centimetres (height), and
the tabular forms from approximately 3.0 centimetres (width) and 1.0
centimetre (height) to 16.0 centimetres (width) and 4.0 centimetres
(height).

In many samples, only part of the stromatoporoid is

represented in the width of the core (7.6 cm).

Therefore, the size of

many of the specimens was estimated.
The stromatoporoids may occur isolated in a wackestone or
packstone texture (Fig. 24H), or may encompass (Fig. 25A) or encrust
(Fig. 25B) other biota such as tabulate corals or other organisms.
Stromatopora and Actinostroma have been identified from well-preserved
samples, but probably other genera were also present in the
Winnipegosis.

As the effects of diagenesis increase, the ease and

assurance of classification decreases; finally, it becomes impossible
to determine genus, and eventually it becomes difficult even to
identify stromatoporoids (Porous Dolostone Lithofacies).
Tabulate corals and stromatoporoids occur together and each occurs
alone.

The most abundant tabulate coral in this lithofacies, and in
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Figure 25
Photographs and photomicrographs of the Stromatoporoid, Tabulate Coral
Boundstone Lithofacies from the Reef Environment.
A.

Photograph of a tabulate coral (Thamnopora) "encrusting" and
encrusted by a stromatoporoid (NDGS Well No. 5280-4819).

B.

Photograph of a stromatoporoid encrusting a tabulate coral
(Alveolites) with anhydrite replacement (NDGS Well No. 52804746). Compare size of pores of the coral and the stromatoporoid.

C.

Photomicrograph of rugose coral (Syringopora) that binds mud
within its growth network (NDGS Well No. 793-11449.7). Bar scale
equals 2.0 mm.

D.

Photomicrograph of a stromatoporoid (top and bottom) with
blue-green algal association of both beaded morphology
(Sphaerocodium) and filaments within mud (Girvanella), the
latter cannot be observed at this magnification (NDGS Well No. 79311486.6). It was taken with polarized light. Bar scale equals
0.5 mm. Up is to the left.

E.

Photomicrograph of a tabulate coral (Thamnopora) encrusted by
blue-green algae in mud (individual filaments can not be seen at
this magnification) that is, in turn, encrusted by a stromatoporoid
(NDGS Well No. 5280-4739.9). Bar scale equals 2.0 mm. Up is to
the left.

F.

Photograph of an entire thin section of a tabulate coral
(Alveolites) associated with blue-green algal filaments that
are not visible at this magnification) in muddy areas and
interbedded with an encrusting foraminifer (NDGS Well No. 491612040.4). Bar scale equals 1.0 cm.

G.

Photomicrograph of a stromatoporoid with clotted-muddy areas
between laminae that contain blue-green algal filaments (NDGS Well
No. 4916-12046.4). Algal filaments can not be seen at this
magnification. Algal filaments can be seen on Figure H (same thin
section). Arrow indicates where Figure H was photographed. It was
taken with polarized light. Bar scale equals 0.5 mm. Up is to the
left.

H.

Photomicrograph of blue-green algal filaments (Girvanella)
found in the muddy area between one of the stromatoporoid laminae
of Figure G above (NDGS Well No. 4916-12046.4). It was taken with
polarized light. Bar scale equals 0.25 mm.
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the Winnipegosis Formation as a whole, is Thamnopora (Fig. 25A, 25E,
26B, 29D), a branching coral.

Specimens are normally found as randomly

oriented pieces, although it has been found in growth position with
sediment draped over it.
abundant.

Alveolites (Fig. 25B, 2SF, 26D) is also

Less common are other tabulate corals, which include

Favosites (Fig. 26C), Aulopora, and Syringopora (Fig. 2SC), as well
as the colonial rugosan coral, Hexagonaria.
Stromatoporoids typically encrust tabulate corals, solitary and
colonial rugose corals, but there is mutual encrustation between
stromatoporoids and Alveolites.

Encrusting bryozoans have been

identified in association with stromatoporoids, corals, fenestrate
bryozoans and mollusks.

Blue-green algae are of special importance in

this lithofacies, but filaments can be identified only from wellpreserved samples, under high power magnification.

Blue-green algae

are represented by two form-genera: a beaded form (Sphaerocodium)
(Fig. 25D) encrusted rare samples of tabulate corals or stromatoporoids
and tubular filaments (Girvanella) are found abundantly encrusting
and within stromatoporoids (Fig. 25G, 25H, 26E), filaments on or
between associations of allochems (Fig. 25D, 25E, 2SF), and within the
mud matrix (Fig. 26A).

Blue-green algae seem to encrust almost

everything, but of special interest is their association with
stromatoporoids where they are commonly found between the laminae of
the stromatoporoid (Fig. 25G), especially upon the sides of bulbous and
hemispherical growth forms (Fig. 2SF), and, in some cases, across the
tops.

In hand sample and in low magnifications under the microscope,

these areas appear to be "muddy."

However, upon a closer look (lOOx),

the tubular filaments appear (Fig. 25H).

T

Blue-green algal filaments
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Fi gure 26
Photographs and photomicrographs of t he Stromatoporoi d, Tabulate Coral
Boundstone Lithofacies and of the Codia cean Al gae, Cal c i sphere
Packstone Lithofacies , both fr om the Reef Envi ronment .
A.

Photomicrograph of blue- green algal filaments i n the matrix;
Stromatoporoid, Tabulate Coral Boundstone Lithofaci es ( NDGS Well
No. 793-11455.4). It was taken with polarized light . Bar scale
equals 0.25 mm.

B.

Photograph of dolomitized t abul ate corals (Thamnopor a);
Stromatoporoid, Ta bulate Coral Boundstone Lithofacies ( NDGS Wel l
No. 6535-6515A). Up is to the l eft.

C.

Photograph of a dolomitized t abul ate coral (Favosites) and
stromatoporoids; Str omatopor oid, Tabulate Coral Boundstone
Lithofacies (NDGS Well No . 4918-6567 ) .

D.

Photograph of a dolomitized t abulate coral (Alveolites ) ;
Stromatoporoid, Tabulate Cor al Boundstone Lithof aci es ( NDGS Wel l
No. 4918-6579). Up is to the l ef t.

E.

Photomicrograph of a dolomitized stromatoporoid with bl ue- green
algal filaments barely visible i n a muddy area between the
stromatoporoid laminae ; Stromatoporoid, Tabulate Coral Boundstone
Lithofacies (NDGS Well No . 793-11 453 . 7) . It wa s t aken with
polarized light. Bar s cale equals 0 .25 mm .

F.

Photomicrograph of a dolomitized tabul ate coral (Thamnopora ) ;
Stromatoporoid, Tabulate Cor al Boundstone Lithof aci es ( NDGS Well
No. 793-11463.4). It was t aken with pol arized light. Bar scale
equals 0.5 mm.

G.

Photograph of both longitudinal and transverse vi ews of codiacean
algae (type 1, Litanaia); Cod i acean Algae, Calci s phere Packstone
Lithofacies (NDGS Well No. 5283- 5253B) .

H.

Photograph of both longitudi nal and transverse views of codi acean
algae (both type 1 and type 2 , Litanaia ); Codi acean Algae,
Calcisphere Packstone Lithofacies (NDGS Well No . 4918- 6710).

I
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also commonly encrust the outside of tabulate and solitary rugose
corals.

They occur in the matrix as identifiable tubular filaments in

well-preserved samples, as ghosts (Fig. 26E) in samples with minor
diagenetic alterations, and probably were present in many of the more
strongly altered samples.
Other faunal elements that might have had a binding or stabilizing
effect upon the surrounding sediments would include fenestrate
bryozoans and Syringopora or Aulopora (Fig. 25C).

Other fairly common

to rare skeletal components present in this lithofacies (Table 4)
include the following: crinoids, brachiopods, ostracodes, calcispheres,
stromatolites, encrusting foraminifers, encrusting and fenestrate
bryozoans, dendroid stromatoporoids (Stachyodes), codiacean algae,
mollusks, and trilobites.
most samples.

Variably-shaped peloids occur throughout

These are similar to the large peloids found in the

Peloid Packstone Lithofacies.
Boundstone and packstone textures are most common.

In some cases,

it is impossible to detect which texture is present in hand sample,
because the binding effect of the blue-green algae is only recognizable
in thin section.

It appears that much of the sediment has been

burrowed (Table 10).

Blue-green algal filaments and algal mats are

rare in the matrix.

However, they may have been much more extensive

than presently recognized, but destroyed by grazing organisms or by
diagenesis.

There has been some recrystallization to microspar.

Mollusk shells have been inverted to calcite.
Compaction can be recognized from broken and slightly offset
fossils (Fig. 58A, 58B), fractures that are now filled with equant,
calcite or anhydrite cements, and stylolites and microstylolites which

T
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occur throughout, but tend to form at the edge of massive allochems
(Fig. 58F).
organisms.

Geopetal fabrics are common within intraparticle pores in
Shelter porosity develops beneath platy grains.

The

porosity in both cases has been filled with calcite cement, first with
an isopachous cement followed by an equant spar.

When mud infilled

part of the void, it was prior to any cement precipitation.
Dolomitization has affected some of the rock (Fig. 26B to 26G).
The amount of dolomite replacement varies extensively.

Where the rock

is affected, the matrix is altered first, and to the greatest degree.
The allochems are the last to be altered, but in some areas are altered
to such an extent that eventually the allochems are recognizable solely
by ghost textures (Fig. 26C, 26E, 26F) or by porosity patterns (Porous
Dolostone Lithofacies).

Bladed or blocky anhydrite is found as a

cement in vugs and as a replacement mineral of fossils and matrix, and
felted anhydrite occurs in nodules.

Types of porosity (Table 13)

identified from this lithofacies include: abundant intraparticle,
common intercrystal when dolomitized, common growth-framework, and rare
interparticle, moldic, shelter, fracture and vug.
The Stromatoporoid, Tabulate Coral Boundstone Lithofacies is
associated (Table 5), in some cases, as a continuum with the Coral,
Stromatoporoid Packstone Lithofacies.

It also interfingers with the

Codiacean Algae, Calcisphere Packstone Lithofacies.

In some cases, it

is the "depositional" lithofacies of what is now recognized as the
Porous Dolostone and Pisoid Dolostone Lithofacies, both "diagenetic"
lithofacies.

The Stromatoporoid, Tabulate Coral Boundstone Lithofacies

was deposited during the Second Episode (Table 6).

This lithofacies

has been found in both pinnacle reefs of the basin and in patch reefs
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on the shelf.
Interpretation:--The Stromatoporoid, Tabulate Coral Boundstone
Lithofacies is interpreted to have formed under normal-marine
conditions, due to the presence of abundant stromatoporoids, corals,
and common brachiopods and crinoids (Heckel, 1972).

This lithofacies

developed in more agitated and shallower water than the Coral,
Stromatoporoid Packstone Lithofacies.

The Stromatoporoid, Tabulate

Coral Boundstone Lithofacies is interpreted to be part of a
stratigraphic reef (Dunham, 1970) with associated rocks of a reef
complex.

Various authors have described the organic-reef environment

(Table 7) from Middle and Upper Devonian reef complexes.

Similarities

in allochems, textures, and diagenetic phenomena of these reef
complexes are used to support interpretations of Winnipegosis rocks.
Where corals are dominant in the Winnipegosis Formation, the rocks
are interpreted to have been deposited in a fore-reef position, and
where subordinate to stromatoporoids, to have been deposited as part of
the organic reef (e.g., Langton and Chin, 1968a).

Thamnopora, not as

abundant in the Stromatoporoid, Tabulate Coral Boundstone Lithofacies
as in the Coral, Stromatoporoid Packstone Lithofacies, appears similar
to modern branching corals such as Porites porites and Acropora
cervicornis, but, instead of forming a framework (Gilmore and Hall,
1976), it provided substrate for encrustation by domal stromatoporoids.
The growth form of Alveolites, varying from tabular to large
subspherical bodies that commonly were encrusted by algal filaments or
domal stromatoporoids (Klovan, 1964), appears to have occupied an
ecological niche similar to stromatoporoids.

Syringopora, with an

encrusting habit, stabilized sediment beneath it, as well as trapped
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TABLE 7

REEF STUDIES USED FOR COIPARISON WITH WINNIPEGOSIS REEFS
(The references are organized according to type of study and then by geologic age of the for11ation.)
FORMATION

REFERENCE
This study:

Quaternary studies:
Jordan, 1973
Wallace & Schuersraan, 1977
Stanley, 1966 ·

Middle Devonian

Winnipegosis

Holocene
Holocene
Pleistocene

ley Largo

Ancient studies (other than Elk Point Basin):
Hug, Briggs, & Gill, 1977
Niagaran (H Sil.)
Heyer, 1978
Devonian
Devonian studies (sumaary or coaparison):
J8llieson, 1971
Middle Devonian &
Upper Devonian
lrebs & Mountjoy, 1972

Devonian

Klovan, 1974
Burchette, 1981

Devonian
Devonian

Devonian studies (specific):
Playford, 1980

H & U Devonian

Langton & Otin, 1968
Barss, Copland, & Ritchie, 1970
Morrow, 1973

Middle Devonian
Middle Devonian
Middle Devonian

Vopni & Lerbekmo, 1972

TYPE OF REEFS

AREA

LOCATION

Pinnacle and patch reefs

Williston Basin

North Dakota

Patch reefs
Patch reefs on atoll
Shelf 11argin

Glovers reef atoll

Bermuda
Belize
Florida leys

"Pinnacle" reefs
Reefs

Michigan Basin
Michigan Basin

Michigan
Michigan

Western
Sedi11entary Basin

Alberta

Winnipegosis, leg River,
Reef coaplex
Presqu'ile co•plex, Slave
Point, Swan Hills, Leduc
Reef coaplex
Reef coaplex
Banks, barrier-reef
coaplexes, atolls

Europe &
Canada
Canada
Europe

Shelf 11argin ?patch reefs

Canning Basin

Western Australia

Pinnacle reefs
Pinnacle reefs
Barrier reef complex

Rainbow
Rainbow
Elk Point Basin

NW. Alberta

& pinnacle reefs

Middle Devonian

leg River
leg River
leg River, Pine Point,
Presqu'ile, Muskeg
Horn Plateau

Isolated reef

Brown, 1963
Hurray, 1966
Fischbuch, 1968

Upper Devonian
Upper Devonian
Upper Devonian

Swan Hills
Swan Hills
Swan Hills

Reef
Bank
Reef coaplexes

Leavitt, 1968
Jenik & Lerbek•o, 1968
He•phill, Smith & Szabo, 1970
llovan, 1964
Jamieson, 1971
HcGillivray & Mountjoy, 1975
Noble, 1970
Cook, 1972
Coppold, 1976
Mountjoy & Riding, 1981
Exploration staff, Chevron
Standard Li•ited, 1979

Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upper

Swan Hills
Swan Hills
Swan Hills
Leduc
Leduc
Leduc
Cairn
Cairn & Southesk
Cairn & Southesk
Cairn & Southesk
Nisku

Atoll reef
Atoll reef
Reef coaplex
Reef coaplex
Reef coaplex
Reef coaplex
Reef coaplex
Bank
Reef coaplex
Foreslope •ounl
Pinnacle reefs

Devonian
Devonian
Devonian
Devonian
Devonian
Devonian
Devonian
Devonian
Devonian
Devonian
Devonian

Central
Western
Western
Central

District of
Mackenzie
Swan Hills
Judy Creek
Snipe Lake, Goose
River, Swan Hills,
laybob, Virginia
Hills, & Horse Htn.
Carson Creek N.
Goose Rher
Swan Hills
Redwter
Alexandra
Golden Spike
Hiette
Hiette
Ancient Wall
Ancient Wall
W. Pe•bina

NW. Alberta
N. Alberta &

N. British Colu•bia
Northwest Territories
C. Alberta
C. Alberta
C. Alberta

C. Alberta
C. Alberta
C. Alberta
C. Alberta
Northwest Territories
C. Alberta
C. Alberta
C. Alberta
C. Alberta
C. Alberta
s. Alberta
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sediment within its frame.

It apparently lived under quiet to

moderately turbulent conditions (Volpi and Lerbekmo, 1972), just below
wave base, requiring either a slow rate of sedimentation or circulation
adequate to remove mud-sized particles (Klovan, 1964; Hettlinger and
Langenheim, 1976).
Modern hermatypic hexacorals possess unicellular algae
(zooxanthellae) in their tissue, and provide the coral with an
excellent excretory mechanism by this symbiotic relationship (Heckel,
1974).

Due to the close association of algal filaments with corals and

stromatoporoids from the Devonian, these organisms may have had this
relationship with algae also.

A stromatoporoid-algal consortium has

been interpreted to form in moderately turbulent water (e.g., Jenik and
Lerbekmo, 1968), or on the seaward slopes of reef-fringed banks
(Murray, 1966).
Stromatoporoids were the major contributors to reef development
worldwide during the Silurian and Devonian, when domal heads provided a
framework with carbonate sand beneath and between the larger allochems,
and thick and thin encrusting forms provided binding (Heckel, 1974).
Domal and tabular stromatoporoids and Alveolites are interpreted to be
reef builders; Syringopora, Thamnopora, Stachyodes, Amphipora,
and algal filaments are sediment binders or trappers; brachiopods,
gastropods, bivalves, solitary corals, crinoids, ostracodes, red algae,
foraminifers, and calcispheres are reef dwellers.
Domal stromatoporoids in the Winnipegosis Formation encrusted or
grew from a base that typically encrusted tetracorals or other skeletal
debris; where corals encrusted stromatoporoids, the stromatoporoid
overgrew the coral (Kobluk, 1975; Kershaw, 1984).

Algal filaments have
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also been found within the sand matrix as possible remnants of former
algal mats.

The variably-shaped peloids were produced by micritization

of carbonate sands in a manner as discussed previously.

There was

spacial competition among blue-green algae, stromatoporoids and
coelenterates in the reef environment (Meyer, 1978).

Very rapid growth

permitted blue-green algae to encrust both stromatoporoids and
coelenterates and prevented these organisms from successfully
colonizing living algal mats.

The high rate of calcification of

stromatoporoids enabled them to overgrow and exclude corals.
Stromatoporoids are considered to have had shallow depth restrictions
where closely associated with algae (Heckel, 1972).
Ancient stromatoporoids, because of their apparent ecologic niche
and some of their growth forms, have been compared with modern
hexacorals and coralline red algae (Heckel, 1974), although Kobluk
(1975) suggested that care be used in such a comparison.

By comparison

of the depth at which modern coral communities grow and the thickness
of successive Devonian coral-stromatoporoid communities (Fig. 27),
water depths of stromatoporoid growth forms have been suggested by
Klovan (1974).

Following this comparison, the Coral, Stromatoporoid

Packstone Lithofacies with its abundant branching corals and tabular
stromatoporoids was deposited in water depths from 9 metres (30 ft) to
greater than 24 metres (80 ft), and the Stromatoporoid, Tabulate Coral
Boundstone Lithofacies with its predominant domal stromatoporoids was
deposited in water depths of less than 9 metres (30 ft).

However, it

is thought (Klovan, 1964) that domal stromatoporoids never grew into
the true surf zone, but were limited to depths where waves first
touched bottom.

1
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Figure 27
Inferred water depths of stromatoporoid growth forms.
Water depths have been suggested by Klovan (1974) based upon comparison
of (A) the . depth at which modern coral communities grow and (B) the
thickness of successive Devonian coral-stromatoporoid communities in
Canada.
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In addition to water depths, water turbulence and position within
the organic reef complex have been interpreted from growth-form
morphology of stromatoporoids.

Overturned and abraded domal

stromatoporoids produced an organic reef or reef-detritus found at the
basinward edge of the reef complex (Klovan, 1964; Leavitt, 1968;
Kobluk, 1978); massive encrusting stromatoporoids thrived in shallower,
turbulent water (Murray, 1966) as part of the organic reef.

The

robust, dendroid stromatoporoid, Stachyodes, has been found
associated with domal stromatoporoids in the bank-margin sediments,
where it thrived in turbulent marine waters of normal salinity (e.g.,
Klovan, 1964; Murray, 1966; Jenik and Lerbekmo, 1968; Krebs, 1974).
Some Winnipegosis rocks appear to have a clotted appearance.
Similar rocks have been described from other Devonian reefs in Canada
(Wray and Playford, 1970, Plate 1, Fig. 1, p. 553; Wray, 1977a, Fig.
163, p. 156) where Renalcis has been identified.

It is considered a

binding agent of some significance in reef rocks and open-shelf
deposits (Jamieson, 1971).

There Renalcis forms colonies that were

closely integrated into the reef fabric, encrusting and encrusted by
stromatoporoids, crustose red algae and stromatolites.

It was an

important sediment binder in protected parts of reef complexes and has
been interpreted to grow under shallow, moderately turbulent, open
marine conditions.

Although Renalcis has not been definitely

identified in the Winnipegosis, it may have been present, and
recrystallization and dolomitization may have removed any recognizable
evidence of it.

Parachaetetes, a red solenoporid alga, has been

identified from the Red Algae Packstone Lithofacies of the back-reef or
lagoon environment in the Winnipegosis but not recognized from rocks of
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the organic reef.

It may have been present, although now

unrecognizable due to dolomitization or to the instability of red algae
during recrystallization that results in cryptocrystalline carbonate,
which has been thought to cause the apparent absence of reef-framework
builders in many ancient reefs (Wolf, 1965).
The Stromatoporoid, Tabulate Coral Boundstone Lithofacies of the
patch reef and the pinnacle reef are interpreted to have formed as part
of a reef complex.

The domal and encrusting stromatoporoids in this

lithofacies formed a boundstone or reef framework locally, with
detrital sediment representing most of the reef volume (Jindrich,
1983).

A reef complex is a significant, rigid, organic framework which

generally forms in the high-wave-energy, shallow-water environment.

It

includes several genetically related facies (Fig. 44), both fore-reef
and back-reef, associated with the framework (Longman, 1981).

Part of

this reef complex is the true organic reef; however, the organic reef
has been reported to make up less than 10 per cent of a reef complex
(Klovan, 1964).

Both pinnacle and atoll reefs, the latter with a rim

wall and a central lagoon, have been identified in Canada.

There a

domal stromatoporoid lithofacies similar to this also has been found to
be the major part of the organic reef in the center of pinnacle reefs
and at the edge of atoll reefs (Leavitt, 1968; Langton and Chin, 1968a;
Jenik and Lerbekmo, 1968; Barss and others, 1970; Krebs, 1974; Coppold,
1976).

Both patch and atoll-pinnacle reefs are found in North Dakota.

The Stromatoporoid, Tabulate Coral Boundstone Lithofacies is
interpreted to have formed in shallow, moderately to agitated waters of
normal marine salinity with possible slight restriction, most at or
slightly above wave base for the packstones (unless stabilized by an
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algal mat) and in shoaling waters for the encrusting boundstones.

The

Stromatoporoid, Tabulate Coral Boundstone Lithofacies was part of a
reef complex.

It formed the organic reef that acted as the backbone of

the reef rim of atoll-like pinnacle reefs and the center of patch
reefs.

The Codiacean Algae, Calcisphere Packstone Lithofacies is the

rock that developed in the atoll-like, pinnacle-reef lagoons.

Codiacean Algae, Calcisphere Packstone Lithofacies
Description:--The diagnostic allochems (Table 4) in this
lithofacies are green codiacean algae and calcispheres.

The codiacean

alga is Litanaia and varies from common to abundant in most samples.
There are two types of Litanaia, possibly two different species.
They are referred to as type 1 and type 2 in this study.

Type 1 grains

are approximately circular in transverse section (Fig. 26G), usually
showing from three to six circular, internal tubes (Fig. 28A, 28B).

In

longitudinal section, these codiacean algae have a spiny, wave-like
outline (Fig. 26G), and show long internal tubes that may appear
parallel with the exterior or.!!!!. echelon at an angle, beginning near
the margin of the wall and ending near the center of the sheath (Fig.
28C, 28D).

Type 2 grains are circular to somewhat irregular in

transverse section (Fig. 26H, 28E) showing variable arrangement of many
tubes smaller than those found in type 1.

These type 2 tubes are

typically grouped in the center of the sheath with some in oblique view
near the margin of the grain.

In longitudinal section (Fig. 26H, 28E),

the type 2 alga grains have a straight to wavy outline, showing
internal tubes mostly in longitudinal profile.
Litanaia grains are larger than type 1.

1

In general, type 2

Only one sample (NDGS Well
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Figure 28
Photomicrographs of the Codiacean Algae, Calcisphere Packstone
Lithofacies from the Reef Environment.
A.

Photomicrograph of the transverse view of a codiacean algae
segment (type 1, Litanaia) showing four internal tubes (NDGS
Well No. 6535-6643.7). Bar scale equals 0.5 mm.

B.

Photomicrograph of the transverse view of a codiacean algae
segment (type 1, Litanaia) showing six internal tubes (NDGS
Well No. 6535-6726.9). Bar scale equals 0.5 mm.

C.

Photomicrograph of the longitudinal view of a codiacean algae
segment (type 1, Litanaia) illustrating a scalloped edge and
internal tubes (NDGS Well No. 6535-6675.7). Bar scale equals
1.0 mm.

D.

Photomicrograph of the longitudinal view of an immature codiacean
algae segment (type 1, Litanaia) showing an extreme outline
possibly from an end segment (NDGS Well No. 6535-6661.5). Bar
scale equals 0.5 mm.

E.

Photomicrograph of both the transverse and longitudinal views of
codiacean algae segments (type 2, Litanaia) illustrating the
numerous internal tubes (NDGS Well No. 6535-6700.6). Bar scale
equals 1.0 mm.

F.

Photomicrograph of calcispheres with radiating spines (NDGS Well
No. 6535-6716.1). Bar scale equals 0.5 mm.

G.

Photomicrograph of calcispheres both with a full view and with only
spines showing (NDGS Well No. 6535-6716.8). Bar scale equals
0.5 mm.

H.

Photomicrograph of a dolomitized calcisphere with spines (NDGS Well
No. 6535-6711.6). It was taken with polarized light. Bar scale
equals 1.0 mm.
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No. 6535-6700.6) encountered in this study contained both type 1 and
type 2 codiacean algae.

The codiacean algae were not found in growth

position and the segments were separated.

In several cases, the

segmented grains have been aligned parallel to each other .and to
bedding.
The second most abundant allochem in this lithofacies is
calcispheres.

These small grains have a circular wall with spines or

"cogs" which protrude into the matrix (Fig. 28F, 28G), and have a
spar-filled center (Fig. 28H).

Sometimes only spines are visible in

thin-section (Fig. 28G).
A third common allochem are fan- or bushy-shaped grains.

Similar

grains are found in association with red algae in the Red Algae
Packstone Lithofacies, which is discussed later.
figured in that section.

These grains are

These grains in both lithofacies have

variably micritized outer margins and recrystallized centers.
Radiating from a possible stem, ghost structures are usually visible.
These grains resemble both green and red algae; however, the internal
ghost structures seem to be an order of magnitude larger than red
algae.

Diagenetic features found in these grains appear similar to

diagenetic features in algae.

These grains are referred to as ?algal

grains.
Other common allochems (Table 4) include peloids, dash-like
structures of possible algal or sponge spicule origin (Fig. 28B),
ostracodes, fenestrate bryozoans, crinoids, and brachiopods, and rare
corals (Thamnopora), dendroid stromatoporoids (Amphipora),
tentaculitids, and encrusting bryozoans, and very rare trilobites and
gastropods.

In addition, there are a few samples that contain algal
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filaments in the mud matrix.

Possible stromatolitic algal mats are

very rare.
Packstone (Fig. 28B) and wackestone (Fig. 28G) textures are
present throughout the lithofacies.
bioturbated.

In most cases, the matrix has been

There is rare shelter porosity beneath elongated grains,

common intraparticle pores and abundant vug-channels that riddle the
matrix (Fig. 54A to 54E).

These vug-channels may parallel the edge of

allochems or cut across matrix, but they have not been seen to cut
across allochems.

The cavities are lined with long, isopachous,

calcite cement (Fig. 54A to 54E); the center of the void may remain
open or be filled with dolomite or bladed-anhydrite cements.

There is

abundant vug-channel porosity, common interparticle and intercrystal
porosity (when the rock has been dolomitized), and rare intraparticle,
moldic, shelter, and fracture porosity (Table 13).
This lithofacies (Table 10) has been altered by the micritization
of grains, the recrystallization of ?algal grains, recrystallization of
matrix to microspar and rarely pseudospar, and partial to complete
dolomitization of both matrix and allochems.
be concentrated along certain lenses.

Dolomitization tends to

Stylolites are common; they tend

to outline the contact between matrix and cavity-fill of vug-channels
or between matrix and allochem, especially codiacean algae.

There has

been less recrystallization in those regions of a thin-section that
contain fenestrate bryozoans, with micrite still surrounding most of
the frond.
The Codiacean Algae, Calcisphere Packstone Lithofacies has been
exposed to minor vadose weathering (Pisoid Dolostone Lithofacies).
is capped by the Porous Dolostone Lithofacies with a gradual
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transitional contact or by the Stromatoporoid, Tabulate Coral
Boundstone Lithofacies with a sharp contact (Table 5).

This Codiacean

Algae, Calcisphere Packstone Lithofacies is abundant in many pinnaclereef cores and rare on the western shelf (Table 6).

It developed

during the Second Episode of deposition.
Interpretation:--The Codiacean Algae, Calcisphere Packstone
Lithofacies is interpreted to have formed under open marine conditions.
Due to the rare occurrence of brachiopods, crinoids, fenestrate
bryozoans, tentaculitids, corals and stromatoporoids, the salinity
could not have varied far from normal marine (35 ppt).

Since these

allochems are not abundant, waters were probably shallower than the
Shallow Shelf Environment and may have had higher temperatures or even
slightly higher salinities, although not too high, because green algae
have a restricted salinity tolerance (Heckel, 1972).
Codiacean algae (Table 8) are abundant in this lithofacies.
Litanaia, an erect, rooted, segmented plant, with probably two
separate species (type 1 and type 2 as used in this study), is the
genus present (Johnson and Konishi, 1958; Johnson, 1964).

It is

possible that other genera are rarely present because the transverse
section of Lancicula, Litopora, and Abucella are similar to that of
Litanaia, but their longitudinal sections, which were not recognized,
are different.

Although codiacean algae have been reported from

Devonian rocks (e.g., Wray, 1967; Streeton, 1971; Machielse, 1972;
Riding, 1972; Tsien and Dricot, 1977), they were not abundant or
cosmopolitan.

However, dasycladacean algae (Vermiporella) have

been reported frequently from Devonian rocks (e.g., Jamieson, 1971;
Krebs, 1974; Coppold, 1976), but no dasycladacean algae have been
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TABLE 8

TYPES OF ALGAE FOUND IN THE WINNIPEGOSIS FORMATION IN NORTH DAKOTA
WITH ASSOCIATED LITHOFACIES

Johnson, 1961; Wray, 1977
Divisions
Rhodophyta
(red algae)

This study

Family

Genus

Lithofacies

Solenoporacea

Parachaetetes

Red Algae Packstone (Sb-4)

Corallinacea

-

?Stromatoporoid, Tabulate
Coral Boundstone (Sb-1)
?Algal (?Cyanobacteria) (Su-2)

Chlorophyta
(green algae)

Cyanophyta

Codiacea

Litanaia

Dasycladaceae (?)

calcispheres

Porostromata

Girvanella

(blue-green

oncolites

algae)
matrix

encrusting
S2haerocodium
oncolites
encrusting
Spongiostromate

T

Codiacean Algae,
Calcisphere Packstone (Sb-6)
Codiacean Algae,
Calcisphere Packstone (Sb-6)
Ostracode, Calcisphere
Packstone (Sb-7)
Brachiopod, Crinoid
Mudstone to Grainstone (Sb-5)
Stromatoporoid, Tabulate
Coral Boundstone (Sb-1)
Red Algae Packstone (Sb-4)
Stromatoporoid, Tabulate
Coral Boundstone (Sb-1)
Brachiopod, Crinoid
Mudstone to Grainstone (Sb-5)
Stromatoporoid, Tabulate
Coral Boundstone (Sb-1)

algal mats

Stromatoporoid, Tabulate
Coral Boundstone (Sb-1)
Codiacean Algae,
Calcisphere Packstone (Sb-6)
?Porous Dolostone (Sb-3)

stromatolites

?Mottled and Laminated
Dolomudstone (Sb/I/Su)
Algal (?Cyanobacteria) (Su-2)
Laminated and Stromatolite
(Sb-14)
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identified from the Winnipegosis in North Dakota.

Due to the abundance

of codiacean algae and the lack of dasycladacean algae, the
Winnipegosis, back-reef, lagoon sediments appear different from those
found elsewhere in the Devonian at this time.

Because dasycladacean

algae are interpreted to live under somewhat restricted conditions
(Wray, 1971d; Jamieson, 1971; Coppold, 1976), and codiacean algae less
so, it is possible that the reef lagoons sampled in Winnipegosis core
were less restricted than those found elsewhere.

However, because of

the abundant presence of calcispheres, if they are reproductive cysts
of dasycladacean algae, the latter algae may also have lived in the
reef lagoon, and have not been found so far.
The ecological niche of Litanaia appears similar to modern
codiacean algae, such as Halimeda.

Halimeda is composed of aragonite

(Wray 1971a) with high strontium content (Hoskin, 1968), has a fast but
irregular growth rate (Wray, 1977a) which produces prodigious,
sand-sized sediment, and is found in and around reefs, particularly in
the lagoonal lithofacies (Johnson, 1971; Wray, 1971b; Rezak and
Ginsburg, 1971).

Halimeda lives below intense wave agitation, just

below low tide, to depths of 100 metres, but it is most conunon and
diverse at shallow water depths (Moore and others, 1976; Wray, 1977a),
usually no greater than 10 to 20 metres (Milliman, 1974).

A similar

shallow-water depth is interpreted for the codiacean algae in the
Winnipegosis Formation.
Calcispheres from this lithofacies are hollow spherical bodies,
with radially arranged spines on the outer surface (Wray, 1977a).

The

two types of calcispheres in the Winnipegosis sediments -- a smooth,
spherical body, and a spherical body with spines -- have not been found
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in the same rock.
lithofacies.

The spined-calcispheres are abundant in this

Calcispheres have been considered to be foraminifers

(Rich, 1965), plant spores or reproductive bodies (Stanton, 1963)
probably of dasycladacean algae (Rupp, 1968).

Sediments containing

abundant modern calcified reproductive cysts are thought (Marszalek,
1975) to indicate an inshore, well-sheltered environment, although
ancient calcispheres apparently were able to survive transport over
appreciable distances (Lins, 1976).

Nevertheless, calcispheres are

considered by some workers to be virtually diagnostic of restricted
circulation or of lagoonal environments, or of both (e.g., Wray, 1977a;
Scholle, 1978).

They have been reported from Devonian back-reef or

lagoonal sediments in Canada (Stanton, 1963; Klovan, 1964; Jenik and
Lerbekmo, 1968; Cook, 1972; Machielse, 1972; Krebs, 1974; Norris and
others, 1982).

Although there have been abundant calcispheres found in

the Winnipegosis Formation, but no dasycladacean algae, either
dasycladacean algae were present but have not been represented in core,
or calcispheres also could be the reproductive spores of codiacean
algae.
The Codiacean Algae, Calcisphere Packstone Lithofacies is
interpreted to have been deposited in a "back-reef" lagoon.

Wave

energy decreased across the reef tract to a point where only carbonate
sand and mud accumulated in a central lagoon (Longman, 1981).

This

"back-reef" lagoon had water possibly 1 to 5 metres deep, but in places
as much as 10 metres deep.

The muddy sands of this lithofacies

represent deposition under relatively quiet conditions, with low wave
energy and limited water circulation, except during storms which
aligned codiacean algal segments.
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extensively burrowed, generally poorly sorted, with a paucity of open
water organisms.

Similar conditions have been found in ancient rocks

(Langton and Chin, 1968a; Jenik and Lerbekmo, 1968; Fischbuch, 1968).
Due to the ecologic niche of codiacean algae and calcispheres, the
paucity of open-water organisms, and comparison with modern and ancient
studies of back-reef lagoons, the Codiacean Algae, Calcisphere
Packstone Lithofacies is interpreted to have been formed in the
sheltered environment of, rarely, a back-reef lagoon on the shelves
and, more commonly, a central lagoon of an atoll-like pinnacle reef.

Porous Dolostone Lithofacies
There are two lithofacies associated with the reef: the
Stromatoporoid, Tabulate Coral Boundstone and the Codiacean Algae,
Calcisphere Packstone Lithofacies.

It becomes increasingly difficult

to identify both as dolomitization proceeds.
both allochems and matrix.

Dolomitization destroyed

The matrix, composed of both small

allochems and mud, disappeared first; the larger allochems were the
last to be replaced to a degree that they are unrecognizable.

When it

was no longer possible to designate another lithofacies, the specimen
was placed in the Porous Dolostone Lithofacies.

The textural term has

been omitted from the lithofacies name due to its indeterminate status.
Description:--There are some samples in this lithofacies which
are mottled to featureless dolostone (Fig. 29A), contain no allochems,
and exhibit only intercrystal porosity.

Many wispy stringers of

concentrated organic or argillaceous material occur in isolated areas
(Fig. 29B).

Most samples in this lithofacies, however, contain some

indication of allochems.

Major organisms still recognizable include
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Figure 29
Photographs of the Porous Dolostone Lithofacies from the Reef
Environment and photomicrographs of the tabulate coral, Alveolites,
pattern of porosity.
A.

Photograph of dolostone with wispy stringers of organicargillaceous material; Porous Dolostone Lithofacies (NDGS Well
No. 286-5088/89). Up is to the left.

B.

Photograph of dolostone with wispy stringers of organicargillaceous material; Porous Dolostone Lithofacies (NDGS Well
No. 2638-5059).

C.

Photograph of the tabulate coral, Alveolites (a), pattern of
porosity in hand sample; Porous Dolostone Lithofacies (NDGS Well
No. 4924-5910).

D.

Photograph of the tabulate coral, Thamnopora (a), and the
stromatoporoid (b) patterns of porosity in hand sample; Porous
Dolostone Lithofacies (NDGS Well No. 4918-6650).

E.

Photomicrograph of the longitudinal view of a well-preserved
Alveolites (NDGS Well No. 5280-4746.6). Figure F illustrates the
pattern of porosity that develops in a poorly-preserved specimen.
Bar scale equals 0.5 mm.

F.

Photomicrograph of the longitudinal view of a poorly-preserved
Alveolites (NDGS Well No. 2219-5631.4). Figure E illustrates a
comparable well-preserved specimen. Bar scale equals 0.5 mm.

G.

Photomicrograph of the transverse view of a well-preserved
Alveolites (NDGS Well No. 5280-4746.6). Figure H illustrates the
pattern of porosity that develops. Bar scale equals 0.5 mm.

H.

Photomicrograph of the transverse view of a poorly-preserved
Alveolites (NDGS Well No. 2219-5631.4). Figure G illustrates a
comparable well-preserved specimen.
Bar scale equals 0.5 mm.
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tabulate corals (usually Thamnopora or Alveolites), brachiopods,
codiacean algae, stromatoporoids and crinoids (Table 4).

Eventually,

allochems were recognized solely by the characteristic size, shape, and
orientation of pores (porosity pattern) which remained.
occasionally contains peloids.

The matrix

There are very rare patches of lime

mudstone preserved in the midst of pervasive dolostone.
In addition to dolomitization, other diagenetic alterations (Table
10) include stylolitization, replacement by rare blocky or bladed
anhydrite in the matrix, felted anhydrite nodules, disseminated pyrite
and secondary zoned-dolomite rhombohedra.

There is abundant

intraparticle and intercrystal porosity (Table 13), common moldic, vug,
and possibly growth-framework porosity, and rare fracture porosity.
The Porous Dolostone Lithofacies is associated with the
Stromatoporoid, Tabulate Coral Boundstone, the Codiacean Algae,
Calcisphere Packstone, and the Mottled and Laminated Dolomudstone
Lithofacies (Table 5).

The Porous Dolostone Lithofacies has been

identified from eastern, shelf-margin and pinnacle-reef cores (Table
6).

It is associated with rocks deposited during the Second Episode.
Interpretation:--A dolomitized rock, originally a depositional

packstone, appears to have large allochems floating in a dolomite
matrix ("wackestone").

As the degree of dolomitization increases, the

rock appears to be a "mudstone".

Even recognizing the limitations of

use of a textural term, the retention of some depositional information
is more meaningful than classifying the rock as a crystalline dolomite
as Dunham (1962) would have one do.

Therefore, the name given to a

sample reflects what is still visible and, in this lithofacies, not
necessarily the original depositional texture.
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in doubt, is preceded by a question mark, e.g. ?mudstone, ?wackestone.
The size of the allochems, the type of organism, and its original
mineralogy determined whether recognizable traits would be retained as
dolomitization proceeded.

For example, stromatoporoids, inferred to

have been originally aragonite, were more severely altered than
surrounding corals, inferred to be originally calcite (Wilson, 1975).
The following is a list of organisms grouped according to their
resistance to alteration in the Winnipegosis Formation.

Early

replacement, recrystallization or solution occurs to red, blue-green,
and green algae and to bivalves.

Organisms that are recognizable to an

intermediate stage of alteration include calcispheres, ostracodes,
tentaculitids, ramose and encrusting bryozoans, and stromatoporoids.
Organisms that are recognizable until a late stage of alteration
include gastropods (due to their shape), trilobites, fenestrate
bryozoans, brachiopods, crinoids, tabulate corals, and colonial and
solitary rugose corals.
Typical modern reefs contain between 10 and 70 per cent framework,
averaging about 30 per cent or less (Longman, 1981).

However, there is

extensive breakdown of skeletal organisms and micritization in reef
frameworks caused by both biological and diagenetic processes (Land and
Moore, 1977; Friedman, 1978a, 1985).

Some of these processes, such as

bioerosion, begin even before death of the upper parts of the organism
(Warme, 1977); repeated episodes of framework growth, incrustation,
sedimentation and cement resulted in loss of most or all of the
original framework without loss in "reef" mass.

Longman (1981) even

considered it surprising that any reef material survives to be
preserved.

With the addition of extensive dolomitization to reef
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rocks, little original depositional information remains.
Tracing lithofacies from areas of good preservation into areas of
alteration is difficult.

The veils of diagenetic alteration must be

removed to identify the original textures, fabrics, biota, and
nonskeletal allochems.

Several techniques (Delgado, 1977; Zenger,

1979) have been successful in removing these veils.

The techniques

used in this study include the comparison of altered limestone with
other less altered rocks, the identification of a series of specimens
made up of increasingly altered skeletal material to document the
changes which occur, and the recognition of the pattern of porosity
that develops as the skeleton is destroyed.
The major allochems from Winnipegosis reef lithofacies are
tabulate corals, stromatoporoids, and codiacean algae.

These are the

organisms that need to be recognized in rocks exhibiting alteration.
Two genera of tabulate corals and one each of stromatoporoid and
codiacean algae were chosen as examples.

The techniques presented here

(and previously in Perrin, 1981; Perrin and Precht, 1985), however, can
be applied to other genera and to other phyla.

Recognizable specimens

of each genus with good to excellent preservation are illustrated
first, followed, in a series, by specimens with poorer preservation,
illustrating the changes that take place.

Of greatest significance is

the size, shape, orientation, and organization of pores that are
produced as the skeleton is destroyed.
the porosity patterns.

Finally, all that remains are

All but one thin-section photomicrograph was

taken at the same magnification, for ease of comparison of details.
The first example is Alveolites.

In hand sample, excellent

preservation (Fig. 21G, 25B) and the highly dolomitized equivalent
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(Fig. 26D, 29C) have already been illustrated.

In thin section,

excellent preservation of the longitudinal view (Fig. 21H, 29E) and
poor preservation (Fig. 29F), and excellent preservation of the
transverse view (Fig. 29G) and poor preservation (Fig. 29H) can be
compared.

In the poorly preserved, dolomitized specimens, there is

finally no recognizable skeletal material retained, but there remains
the pattern of pores (Fig. 29C, 31C).

Once identified, this porosity

pattern can be recognized in less than ideal situations.
The second example is Thamnopora.

Hand samples with excellent

preservation (Fig. 25A) and dolomitized specimens (Fig. 21C, 26B, 29D)
have already been shown.

In thin section, excellent preservation of

the longitudinal view (Fig. 25E, 30A) and poor preservation (Fig. 26F,
30B), and excellent preservation of the transverse view (Fig. 21D, 30C)
and poor preservation (Fig. 30D) can be compared.

In slightly

dolomitized specimens, identifiable skeletal wall may remain (Fig. 26F,
30E), but when dolomitization is complete, no skeletal wall can be seen
(Fig. 30F), only the porosity pattern.
The third example is stromatoporoids.

In hand sample, excellent

preservation (Fig. 22D, 24F, 24G, 24H, 25A, 25B) and the highly
dolomitized equivalent (Fig. 22C, 22E, 26C, 26D, 29D, 31C) have already
been illustrated.

The pattern of pores is finer than that of corals

(Fig. 25B for comparison of Alveolites and a stromatoporoid; Fig. 25A
for comparison of Thamnopora and a stromatoporoid).

In thin section, a

well-preserved specimen with a porous, laminated structure (Fig. 22G,
22H, 25E, 25G, 30G) and a partly replaced specimen (Fig. 30H)
illustrate the progressive loss of wall structure but the retention of
the porosity pattern.
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Figure 30
Photomicrographs of the tabulate coral, Thamnopora, and the
stromatoporoid patterns of porosity.
A.

Photomicrograph of the longitudinal view of a well-preserved
Thamnopora (NDGS Well No. 6535-6514.7). Figure B illustrates the
pattern of porosity that develops.
Bar scale equals 0.5 mm.

B.

Photomicrograph of the longitudinal view of a poorly-preserved
Thamnopora (NDGS Well No. 4918-6650.4). Figure A illustrates a
comparable well-preserved specimen. Bar scale equals 0.5 mm.

C.

Photomicrograph of the transverse view of a well-preserved
Thamnopora (NDGS Well No. 5280-4715.6). Figure D illustrates the
pattern of porosity that develops. Bar scale equals 0.5 mm.

D.

Photomicrograph of the transverse view of a poorly-preserved
Thamnopora (NDGS Well No. 4918-6650.4). Figure C illustrates a
comparable well-preserved specimen. Bar scale equals 0.5 mm.

E.

Photomicrograph of the transverse view of a dolomitized, poorlypreserved coral (?Thamnopora) (NDGS Well No. 4924-6015.3).
Figure C illustrates a comparable well-preserved specimen. Bar
scale equals 0.5 mm.

F.

Photomicrograph of the transverse view of a dolomitized, very
poorly-preserved coral (?Thamnopora), nothing else remains but
a pattern of porosity (NDGS Well No. 4918-6650.4). Figure C
illustrates a comparable well-preserved specimen. Bar scale equals
0.5 mm.

G.

Photomicrograph of a well-preserved stromatoporoid (NDGS Well
No. 5280-4745.8). Figure H illustrates the pattern of porosity
that develops. Bar scale equals 1.0 mm. Note difference in
magnification between Figure 30G and 30H).

H.

Photomicrograph of partial replacement by dolomite of a
stromatoporoid (NDGS Well No. 4340-11527.9). Figure G illustrates
a comparable well-preserved specimen. Bar scale equals 1.0 mm.
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The last example to illustrate porosity patterns is codiacean
algae.

Care needs to be used in hand sample when identifying codiacean

algae, for the transverse view can be mistaken for peloids, ooids, or
delicate dendroid stromatoporoids (Amphipora).

In hand sample,

both the longitudinal and transverse views of well-preserved codiacean
algae (Fig. 26G, 26H) have already been shown.

In thin section, the

longitudinal view (Fig. 28C, 28D, 28E) and the transverse view (Fig.
28A, 28B, 28E) have been illustrated.

Recrystallization, dissolution

(beginning in Fig. 31B) and dolomite replacement (Fig. 31A) affect
codiacean algae.

Gross outer shape and porosity patterns (Fig. SSC)

are all that can be recognized in severely altered samples.
The mottled to featureless dolomudstone with only intercrystal
porosity appears similar to the Mottled and Laminated Dolomudstone
Lithofacies of the tidal-flat environment.

Featureless dolomudstone

that is relatively devoid of fossils may form under restricted-marine
conditions in an inner lagoon (Dunham and others, 1983).
The Porous Dolostone Lithofacies is the result of extensive
dolomitization and, in fact, is a diagenetic lithofacies.

Both the

Stromatoporoid, Tabulate Coral Boundstone and the Codiacean Algae,
Calcisphere Packstone Lithofacies and possibly the Mottled and
Laminated Dolomudstone Lithofacies have been identified as precursers
of the Porous Dolostone Lithofacies.

The sediments were deposited

during the Second Episode of deposition, but the diagenesis occurred
later, during the Third or Fourth Episode.

Pisoid Dolostone Lithofacies
Description:--The Pisoid Dolostone Lithofacies is composed of
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Figure 31
Photographs and photomicrographs of codiacean algae patterns of
porosity, of the Porous Dolostone and of the Pisoid Dolostone
Lithofacies, both from the Reef Environment, and of the Red Algae
Packstone Lithofacies from the Lagoon Environment.
A.

Photomicrograph of the transverse view of a poorly-preserved
codiacean algae; the pattern of porosity is all that is left
(NDGS Well No. 4918-6663.1). Figures 28A, 28B, and 28E illustrate
well-preserved specimens. Bar scale equals 0.5 mm.

B.

Photomicrograph of the longitudinal view of a poorly-preserved
codiacean algae (NDGS Well No. 6535-6627.6); the pattern of
porosity is all that is left. Figures 28C, 28D, and 28E illustrate
well-preserved specimens. Bar scale equals 1.0 mm.

C.

Photograph of the mottling and porosity pattern in a dolomitized
hand sample of a stromatoporoid; Porous Dolostone Lithofacies (NDGS
Well No. 4918-6617).

D.

Photograph of a vadose crust and vadose pisoids; Pisoid Dolostone
Lithofacies (NDGS Well No. 4918-6592/93). Up is to the left.

E.

Photograph of a vadose crust with possible vadose silt filling
lower solution cavity; now all dolomitized; Pisoid Dolostone
Lithofacies (NDGS Well No. 4918-6568).

F.

Photomicrograph of a vadose pisoid; Pisoid Dolostone Lithofacies
(NDGS Well No. 4918-6568.6). Bar scale equals 2.0 mm.

G.

Photograph of mollusks and red-algal, nodular grains; Red Algae
Packstone Lithofacies (NDGS Well No. 5280-4711).

H.

Photomicrograph of the longitudinal view of the red algae with
regularly-spaced cross partitions that are indicative of the genus,
Parachaetetes; Red Algae Packstone Lithofacies (NDGS Well
No. 5280-4731.8). Bar scale equals 1.0 mm.
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distinct but faintly laminated, dolomite pisoliths or pisoids (Table 4)
with dolowackestone and dolopackstone textures .

Massive to faintly

laminated, horizontal to perpendicular bands, with or without pisoids,
are included with this lithofacies (Fig . 31D, 31E).

The pisoids range

in size from 0.6 to 1.7 centimetres and show one to several faint
layers within them (Fig. 31F), some have a "nucleus" of recrystallized
rock.

The pisoids are composed of finely crystalline dolomite, whereas

the surrounding matrix varies from finely crystalline to coarsely
crystalline dolomite.

Rare, large, felted to bladed anhydrite (Table

10) fills vugs and replaces the matrix between pisoids.

Pisoids in a

crust are seen to overlie (Fig. 31E) a possible solution cavity that
was then filled with vadose silt (now recognized as different-textured,
lighter-colored rock due to extensive dolomitization).
Ghosts of original texture or allochems are rarely recognizable.
However, codiacean algae, peloids, calcispheres, possible
stromatoporoids and tabulate corals, and calcite-lined vug-channels
have been identified.

The Pisoid Dolostone Lithofacies interfingers

with the Codiacean Algae, Calcisphere Packstone Lithofacies and the
Porous Dolostone Lithofacies (Table 5).

The Pisoid Dolostone

Lithofacies occurs only in rocks deposited during the Second Episode of
deposition.
This lithofacies has repeated vertical occurrences in two
pinnacle-reef cores (Table 6) which, according to the isopach map, were
located on the slope.

In each occurrence of this lithofacies, it

dominates the top of the interval , decreasing in effect downward, until
it disappears gradually into a lower lithofacies (commonly the
Codiacean Algae, Calcisphere Packstone Lithofacies).
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intercrystal porosity, rare moldic, and fracture porosity with possible
growth-framework porosity (Table 13).
Interpretation:--The Pisoid Dolostone Lithofacies is interpreted
to be a "diagenetic" lithofacies, and due to the allochems recognized,
the original rock belonged to the Codiacean Algae, Calcisphere
Packstone or possibly the Stromatoporoid, Tabulate Coral Boundstone
Lithofacies.
Pisoids can have a variety of origins which include intraclasts,
algal oncolites, micritized ooids or pisoliths, cave pearls, or vadose
caliche.

Although the origin is masked by extensive dolomitization,

indications of current activity that could have produced intraclasts,
oncolites or ooids are lacking, as well as other speleothem
characteristics for a cave-pearl origin.

On the other hand, the

pisoids and bands appear similar to caliche pisoliths and crusts (Hay
and Wiggins, 1980; Esteban and Klappa, 1983); and the solution cavity
filled with vadose silt (Dunham, 1969a) supports this interpretation.
The vadose peloids are interpreted to have formed as small concretions
by a net aggrading effect in a complex diagenetic environment that
changed back and forth between cementation, leaching, and internal
sedimentation (Dunham, 1969b), or by micritization by degrading
crystallization of original limestone allochems to miorite (James,
1972).

Caliche formed best when there were alternating short periods

of rainfall followed by intense evaporation.

The crusts and pisoids in

the Winnipegosis Formation are interpreted to have been originally
calcite (James, 1972), but to have been dolomitized along with the rest
of the pinnacle-reef rocks during the Third and Fourth Episodes.
It appears that reef growth, at least in the pinnacles that formed
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on the slope of the basin, was interrupted by vadose exposure followed
by renewed reef growth when subsidence continued.

This process was

repeated several times, although not for the same duration each time
(Harrison, 1977).

Fluctuations in the rate of subsidence of the local

slope area is interpreted to have been the controlling factor of vadose
diagenesis rather than sea level fluctuations, due to the lack of
vadose development in all pinnacle reefs (e.g., NDGS Well No. 6535,
located in the basin) or on the shelf.
The Pisoid Dolostone Lithofacies is substrate independent (several
lithofacies were altered), has pisoids above crusts, illustrates a
decrease in alteration downward, has pisoids with only a few,
indistinct laminations, was composed of possible original micrite (at
least to have no recognizable skeletal nucleus), and in some lesser
altered rocks, shows evidence of alteration and replacement of original
textures.

Based upon these criteria, these rocks are interpreted to be

of vadose origin, although subsequent dolomitization has obscured
textures and relationships.

Lagoon Environment
Four lithofacies have been recognized from an environment
interpreted as lagoonal, in order of increasing restriction: the Red
Algae Packstone, the Solitary Coral Wackestone, the Amphipora
Wackestone, and the Ostracode, Calcisphere Packstone Lithofacies.

It

appears that a Lagoon Environment developed landward of the Reef and
Shallow Shelf Environments.

The entire range of normal to restricted

marine conditions became established.
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Red Algae Packstone Lithofacies
Description:--The diagnostic allochem of this lithofacies is red
algae (Table 4).

The genus Parachaetetes is represented by sand-sized

fragments (Fig. 31G) of irregularly-shaped, hemispheroidal-nodular
grains that usually have outer margins composed of micrite and internal
patchy recrystallization to microspar.

Small areas of the algal grain

that preserved ghosts of the red-algal texture were used for
identification.

A longitudinal section through the grain (Fig. 31H)

shows a cellular structure of fan-like, radiating boxwork with cross
partitions at regular intervals, and the transverse section has a
network of closely-spaced, circular pores (Fig. 32A).

Due to the

extent of recrystallization of the algae, a second conunon Devonian red
algal genus, Solenopora, may be present, but not recognized.

The

latter genus is distinguished from Parachaetetes by the lack of, or
rare, irregularly-spaced partitions in the vertical section.
A second common allochem that occurs in this lithofacies is also
of probable algal origin.

These grains have micritized rims (Fig. 64A)

and variably recrystallized centers (Fig. 32C) with ghost structures
(Fig. 32B) similar to that seen in Parachaetetes.

The overall shape

of the grain ranges from elongated (Fig. 32D) to oval (Fig. 32B, 32C).
These grains appear to be similar in size, shape, and internal
structural orientation to that of red algae (Fig. 32B, 32C) or green
algae (Fig. 32D).
Tubular filaments of blue-green algae (Girvanella) are
recognizable in the matrix of some samples (Fig. 32E) and appear as
ghosts in most other samples.

The presence of these filaments tends to

produce a clotted fabric and to coincide with a packstone texture.

T
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Figure 32
Photograph and photomicrographs of the Red Algae Packstone and of the
Solitary Coral Wackestone Lithofacies both from the Lagoon Environment.
A.

Photomicrograph of the transverse view of the red alga,
Parachaetetes; Red Algae Packstone Lithofacies (NDGS Well
No. 5280-4731.8). Bar scale equals 1.0 mm.

B.

Photomicrograph of a nodular grain of possible algal origin (?algal
grain) with indistinct ghost fabric reminescent of red algae; Red
Algae Packstone Lithofacies (NDGS Well No. 6535-6627.6). Bar scale
equals 0.5 mm.

C.

Photomicrograph of a nodular grain of possible algal origin (?algal
grain) with ghost fabric and recrystallization similar to red
algae; Red Algae Packstone Lithofacies (NDGS Well No. 5280-4724.0).
Bar scale equals 1.0 mm.

D.

Photomicrograph of a nodular grain of possible algal origin (?algal
grain) with ghost fabric similar to green algae (?dasycladacean,
Vermiporella), from the reef lagoon; Codiacean Algae, Calcisphere
Packstone Lithofacies (NDGS Well No. 6535-6655.4). Bar scale
equals 0.5 mm.

E.

Photomicrograph of blue-green algal filaments within the matrix;
Red Algae Packstone Lithofacies (NDGS Well No. 5280-4713.9). Bar
scale equals 0.5 mm.

F.

Photomicrograph of matrix with "clotted fabric" that contains
blue-green algal filaments visible in Figure E; Red Algae Packstone
Lithofacies (NDGS Well No. 5280-4713.9). Bar scale equals 1.0 mm.

G.

Photograph of stromatoporoid-encrusted, solitary rugosan corals;
Solitary Coral Wackestone Lithofacies (Nrx:;s Well No. 5283-5256).
Up is to the left.

H.

Photomicrograph of peloids and a solitary coral; Solitary Coral
Wackestone Lithofacies (NDGS Well No. 5279-5107.3). Bar scale
equals 2.0 mm.
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Other regions of the same sample may have a grainstone texture (Fig.
64A) with no evidence of algal filaments.

The mud of the packstone is

patchily recrystallized to microspar, increasingly altered away from
areas of algal-filament concentration.

Also rarely present are

laminated areas resembling those in an algal mat with ghosts of
filaments.
Other constituents present (Table 4) are common ostracodes,
bivalves, gastropods, and peloids, and rare brachiopods, crinoids,
trilobites, corals (Thamnopora), and dendroid stromatoporoids
(Amphipora).

Many gastropod and bivalve grains have micrite rims

(Fig. 64A) with equant-calcite, spar centers.

There are several rare

gastropods that show original-textured, calcite shell together with
void-filling, calcite spar (Fig. 57A).

There is rare quartz silt in

some samples.
In the grainstones, the interparticle porosity has been filled
with a sequence of cement types (Fig. 54F).

First, there is a fibrous,

isopachous calcite, followed by a micrite cement, and then a central,
void-filling, equant, calcite spar.

Other diagenetic changes include

(Table 10): rare, blocky anhydrite in vugs, equant, calcite-filled
fractures, rare stylolitization, partial silicification of coral,
brachiopod, and gastropod shells (Fig. 63G), and extensive dolomite
replacement of the matrix and allochems in some samples.

There is

common intraparticle, intercrystal where dolomitized, and growthframework (due to algal filaments) porosity and rare intraparticle and
shelter porosity (Table 13).
The Red Algae Packstone Lithofacies overlies the Stromatoporoid,
Tabulate Coral Boundstone Lithofacies and is overlain by either the
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Amphipora Wackestone, or the Mottled and Laminated Dolomudstone
Lithofacies (Table 5).

The Red Algae Packstone Lithofacies is found

commonly in cores from the eastern shelf and rarely from the western
shelf (Table 6) in rocks which were deposited during the Second Episode
of deposition.
Interpretation:--The Red Algae Packstone Lithofacies is
interpreted to have formed under normal marine conditions because of
the presence of abundant red algae, a stenohaline plant, that are
associated with other stenohaline organisms such as brachiopods,
crinoids, corals, and trilobites (Heckel, 1972), in addition to
euryhaline organisms that may live under a variety of salinity
conditions that includes ostracodes, gastropods, bivalves, and dendroid
stromatoporoids.
Devonian red algae belonged to the extant Solenoporaceae (Wray,
1977a).

Both modern and ancient red algae are found with two distinct

growth habits--that of blade-like, bushy, articulated branches and that
of a crustose form (Milliman, 1974).

Crustose red algae may have been

present in the Winnipegosis reef rim as it was in other Devonian reefs
(Jamieson, 1971), but in this lithofacies, only the articulated form
has been found (Table 8).
Modern red algae are composed of Mg-calcite (Hoskin, 1968;
Johnson, 1971), and if Devonian red algae had the same composition,
this may have been an important factor in the early diagenetic
recrystallization of the red-algal grains (Wray, 1977b).

If the

ecologic niche of solenoporacean red algae is comparable to that of
modern corallinacean red algae, then they lived within the photic zone
(Heckel, 1972), most abundantly at shallow depths of less than 10
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metres, in the high energy intertidal zone (Wray, 1977a) or the
moderately agitated subtidal zone (Heckel, 1972).

The rare grainstone

and abundant "algal-bound" packstone textures substantiate moderate
agitation.

Ancient solenoporacean red algae have been found rarely in

fore-reef, commonly in back-reef environments sheltered from active
surf, and rarely in quiet lagoons (Wray, 1971c, 1971d; Brown, 1963;
Leavitt, 1968; Jenik and Lerbekmo, 1968; Jamieson, 1971; Machielse,
1972; Tsien and Dricot, 1977).
Algal mats were normally ephemeral features but, while in place,
they had considerable influence on the sediment that they were binding.
They protected sediment from erosion, and trapped fine material that
normally would have remained in suspension (Neuman and others, 1970).
Recognition of algal mats in the geologic record is difficult.
Criteria used to recognize mats in the Winnipegosis Formation include
the remains or traces of algal filaments on or between sediment
particles, non-uniform packing of particles resulting in a clotted
texture, and irregular patches of coarse and fine grains.

The

preservation of algal filaments in Middle Devonian rocks indicates that
the filaments must have been cemented early, possibly like that
described by Schroeder (1972) and Schoeder and Ginsburg (1971).
Sequence of lithofacies and transitions between them are the most
reliable guides to lagoonal environments (Enos, 1983).

Vertical

sequences can be used to infer lateral relationships (James, 1984a).
Because the Red Algae Packstone Lithofacies overlies the
Stromatoporoid, Tabulate Coral Boundstone Lithofacies in a patch reef
(NDGS Well No. 5280) and is underlain by either the Amphipora
Wackestone Lithofacies, interpreted to have formed in a back-reef or
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shelf lagoon, or by the Mottled and Laminated Dolomudstone Lithofacies
that was deposited in the tidal-flat environment, the Red Algae
Packstone Lithofacies is interpreted to have formed in a marginal-reef
position in shallow, moderately agitated waters of normal-mar~ne
conditions.

This and probably other patch reefs were located in an

extensive shelf lagoon.

Patch reefs developed in the lagoon where

water turbulence was sufficient for the development of the reef
organisms.

The patch reefs were surrounded by shallow-shelf and

lagoonal lithofacies.

The Red Algae Packstone Lithofacies appears to

be the lithofacies that developed at the transition from reef to lagoon
environments.

Solitary Coral Wackestone Lithofacies
Description:--Solitary rugose corals are found rarely to
abundantly (Fig. 32G, 32H) in this lithofacies (Table 4).
encrusted by stromatoporoids (Fig. 60H).
peloids are also abundant (Fig. 32H).

They may be

Large and irregularly-shaped

Other faunal elements include

rare brachiopods, crinoids, and tabulate corals (Thamnopora).

The

dominant texture is wackestone although mudstones and packstones occur
rarely.

There has been abundant bioturbation of the sediment.

Dolomite replacement (Table 10) is common; only matrix, however,
seems to have been replaced.

There is also bladed- to blocky-anhydrite

replacement of solitary corals and their encrusting stromatoporoids
(Fig. 60H), and rarely of the matrix.

Stylolites are common; some

begin as wispy stringers of organic- or argillaceous-rich material.
There is common intercrystal porosity where the rock has been
dolomitized and rare intraparticle porosity (Table 13).
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The Solitary Coral Wackestone Lithofacies is associated with the
Amphipora Wackestone Lithofacies (Table 5).

It has been found rarely

in eastern-shelf cores (Table 6) in rocks which were deposited during
the Second Episode of deposition.
Interpretation:--The Solitary Coral Wackestone Lithofacies is
interpreted to have formed under normal marine conditions in shallow,
commonly quiet, but rarely agitated water.
Solitary rugose corals and encrusting stromatoporoids are
stenohaline organisms that require normal-marine conditions (Heckel,
1972).

Because the corals are sometimes "oncolitically" encrusted by

stromatoporoids, there must have been periodic agitation to have rolled
the corals so that all areas could be coated (unless encrustation
occurred during the life of the coral where the entire theca would have
been exposed to open water).

But because of the dominant wackestone

textures, quiet water conditions are thought to have prevailed most of
the time.
Solitary rugose corals preferred more quiet waters than tabulate
corals (Leavitt, 1968) and were sporadically distributed throughout
reef complexes (Klovan, 1964; Murray, 1966; Fischbuch, 1968; Jenik and
Lerbekmo, 1968; Jamieson, 1971).

Chiefly because of associated

lithofacies and geographic location of cores that contained this
lithofacies, the Solitary Coral Wackestone Lithofacies is interpreted
to have formed under normal-marine conditions in a shallow, back-reef
lagoon with generally quiet, but at times, agitated water, relatively
close to the reef complex.
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Amphipora Wackestone Lithofacies
Description:~The delicate dendroid stromatoporoid,
Amphiopora, is rare to abundant (Table 4).

In hand sample, these

dendroid-stromatoporoid grains can be confused with peloids (Fig. 24B),
red algae (Fig. 31G) or the transverse section of green algae (Fig.
26G, 26H).

In hand sample, the transverse view of dendroid

stromatoporoids appears as small (0.6 cm or less in diameter) circular
grains (Fig. 33A), but in closer view (Fig. 33B) with several pores.
In longitudinal view, these dendroid stromatoporoids appear as small,
rod-like grains approximately 2.5 millimetres long.
section, Amphipora can easily be recognized.

However, in thin

In transverse view, it

occurs as circular to elliptical grains, with the characteristic,
stromatoporoid, wall texture, and with circular pores aligned along the
circumference of the wall (Fig. 33C) as well as several within the
central part of the grain.

In longitudinal view (Fig. 33D), the grains

appear to have a variable pattern of circular or elliptical pores
within a tabular to thin, ellipsoidally-shaped grain.
Calcispheres also occur commonly in this lithofacies.

They have a

circular wall with spines which protrude into the matrix, and have a
spar-filled center.

They are the same kind of calcisphere as those

found in the Codiacean Algae, Calcisphere Packstone Lithofacies from
the reef-lagoon environment.

Other faunal elements (Table 4) include

common ostracodes and rare brachiopods, corals (Syringopora,
Thamnopora), and crinoids.

The dominant texture that occurs is

wackestone with some packstone.
varied.

Diagenetic features (Table 10) are

Usually there has been abundant bioturbation of the sediment.

Wispy stringers of organic- or argillaceous-rich material are common;

167
Figure 33
Photographs and photomicrographs of the Amphipora Wackestone and of the
Ostracode, Calcisphere Lithofacies, both from the Lagoon Environment.
A.

Photograph of the dendroid stromatoporoid, Amphipora, with a
packstone texture; Amphipora Wackestone Lithofacies (NDGS Well
No. 4510-9784). Up is to the left.

B.

Photograph of the dendroid stromatoporoid, Amphipora, with a
wackestone texture; Amphipora Wackestone Lithofacies (NDGS Well
No. 5283-6265/66).

c.

Photomicrograph of the transverse view of the dendroid
stromatoporoid, Amphipora; Amphipora Wackestone Lithofacies (NDGS
Well No. 4379-11200.8). It was taken with polarized light. Bar
scale equals 0.5 mm.

D.

Photomicrograph of the longitudinal view of the dendroid
stromatoporoid, Amphipora; Amphipora Wackestone Lithofacies (NDGS
Well No. 4379-11200.8). It was taken with polarized light. Bar
scale equals 0.5 mm.

E.

Photograph of the laminated nature of fragmented ostracode valves;
Ostracode, Calcisphere Packstone Lithofacies (NDGS Well No. 508812017). Up is to the left.

F.

Photomicrograph of the laminated character typical of many samples;
Ostracode, Calcisphere Packstone Lithofacies. The laminations are
composed of fragmented ostracode valves, many of which have been
pyritized (NDGS Well No. 5158-8854.6). Bar scale equals 2.0 mm.
Up is to the left.

G.

Photomicrograph of the whole and fragmented ostracode valves,
mostly pyritized; Ostracode, Calcisphere Packstone Lithofacies
(NDGS Well No. 5158-8853.2). Bar scale equals 0.5 mm.

H.

Photomicrograph of a packstone bed interbedded with mudstones. The
packstone bed is composed of calcispheres and, separated but
generally whole, ostracode valves; Ostracode, Calcisphere Packstone
Lithofacies (NDGS Well No. 5158-8853.2). Bar scale equals 0.5 mm.
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these stringers pass laterally into microstylolites.

Dolomite

replacement is found, but it varies from rare isolated rhombohedra, in
some samples, to extensive replacement of the matrix, in others.

There

is also common bladed- to blocky-anhydrite replacement of small
allochems.

The Amphipora Wackestone Lithofacies contains common

intraparticle and intercrystal (when dolomitized) porosity and rare
interparticle, moldic, fracture and burrow porosity (Table 13).
The Amphipora Wackestone Lithofacies is underlain by the Coral,
Stromatoporoid Packstone Lithofacies and is overlain by the Mottled and
Laminated Dolomudstone Lithofacies (Table 5).

It has been identified

from eastern and western shelf cores (Table 6) in rocks formed during
the Second Episode of deposition.
Interpretation:--The Amphipora Wackestone Lithofacies,
containing delicate, dendroid stromatoporoids with calcispheres,
ostracodes and only minor open-marine fauna, is interpreted to have
formed under slightly restricted marine conditions in a lagoon
environment that had periodically elevated or fluctuating temperatures
and salinities, high light intensity, and low but variable water-energy
conditions (Heckel and Witzke, 1979).
In the Winnipegosis Formation in this study or in Canadian reef
complexes (Kobluk, 1975), Amphipora, the delicate branching form of
stromatoporoid, was rarely found in association with Stachyodes, the
robust branching form.

Stachyodes occurred in sheltered parts of the

organic reef under more agitated conditions (Jenik and Lerbekmo, 1968)
than Amphipora.

Amphipora was common in this lithofacies and rare

in others in this study.

It has been reported as dominant, abundant,

and ubiquitous in back-reef lagoons in Canadian Devonian rocks (Klovan,

l
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1964; Klobuk, 1975; Murray, 1966).

Although Nelson (1975) thought that

Amphipora was probably the most common of all Devonian fossils
associated with reef complexes, it rarely has been found in core in the
Winnipegosis Formation in North Dakota (Table 6).

This apparent

difference in widespread occurrence and abundance may be due in part to
the present distribution of Winnipegosis cores or to similar niche
occupation by green algae in North Dakota.
Amphipora probably grew in an upright position (Leavitt, 1968) in
"thickets" that baffled sediment (Murray, 1966; Leavitt, 1968).

They

grew in shallow waters, possibly with a maximum depth of 3 metres or
less (Read, 1973), in areas sheltered from the direct impact of
agitated conditions (Kobluk, 1978).

The skeletons were disintegrated

and, in some cases, rolled about, sorted and oriented by currents of
moderate strength (Leavitt, 1968; Jenik and Lerbekmo, 1968; Fischbuch,
1968; Kobluk, 1974).
Modern lagoons are thought to be controlled by low water
circulation which, in turn, controls water chemistry and the presence
of euryhaline organisms (Till, 1970).

Modern reef lagoons have been

recorded to have marked salinity and temperature variations, depleted
nutrients (Fischbuch, 1968; Enos, 1983), and less oxygenated waters
(Klovan, 1964).

Similar conditions probably existed during the

Devonian in lagoons associated with reef complexes where such variable
conditions could be tolerated only by amphiporids (Volpi and Lerbekmo,
1972), calcisperes, ostracodes, and gastropods.

Amphipora has been

reported in Canada from lagoonal banks of the back-reef environment
(Murray, 1966; Jenik and Lerbekmo, 1968; Jamieson, 1971) and lagoonal
areas of atoll or pinnacle reefs (Langton and Chin, 1968a).

In
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general, there has been a consensus of opinion regarding the
distribution of Amphipora in a back-reef environment from Canadian
Devonian reefs (Andrichuck, 1958; Hemphill and others, 1970;
McGillivray and Mountjoy, 1975; Viau, 1983) and from Devonian reefs of
Europe (Krebs, 1974; Galli, 1986).
A similar conclusion can be made from the carbonate textures.
Rocks with abundant bioturbation and wackestone textures (Enos, 1983)
have been interpreted to have been deposited in ancient lagoons (Jehm
and Young, 1976).

Restriction of a water body may be inferred from an

impoverishment of fauna or from lithofacies dominated by muddy
sediment, particularly if it contains abundant organic matter or pyrite
(Enos, 1983).
The Amphipora Wackestone Lithofacies is interpreted to have formed
in shallow, restricted waters with abundant light, periodically
elevated or fluctuating temperatures and salinities, and with generally
low but variable current activity.

Amphipora probably grew upright in

thickets, but the segments were redistributed by currents upon death.
Such conditions would be found in back-reef, shelf lagoons.

Ostracode, Calcisphere Packstone Lithofacies
Description:--Ostracodes (Table 4), although difficult to see in
hand sample (Fig. 33E), are the diagnostic allochem of this
lithofacies.

Most valves occur separately, although some remain

together; some ostracode valves remain intact, but usually they are
broken (Fig. 33G, 33H) into varying-sized fragments.

The fragments

tend to be aligned with a packstone texture and to form a crude
lamination (Fig. 33F, 33G).

In most samples, almost all of the valves
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have been pyritized (Fig. 33G).
Calcispheres in this lithofacies are different from the ones found
in the Codiacean Algae, Calcisphere Packstone and the Amphipora
Wackestone Lithofacies.

The calcispheres in this lithofacies are

larger, more uniform in size, with very thick walls, usually divided
into an inner, dark layer and an outer, radiating-calcite layer (Fig.
34B).

They have smooth to scalloped outer margins without spines and

with equant, spar-filled centers.

Although they usually remain intact

with a circular outline (Fig. 33H, 34A), they have been found in some
samples compacted and broken.
Very small, spherical peloids occur abundantly concentrated in
certain thin-beds, but they are rare or not present in others.

When

they do occur, they are accompanied solely by ostracode fragments.
Other elements of the fauna are rarely found in this lithofacies, but
some are common when present.

They include crinoids, gastropods (Fig.

34C), bivalves, brachiopods, dendroid stromatoporoids (Amphipora),
and ?algal grains.

Rarely, silt is present.

In many samples, only ostracode valves have been found as
allochems (Fig. 33F), whereas, in some samples, calcispheres are the
dominant constituent (Fig. 34A), although with a few ostracode valves.
In these latter cases, the ostracode valves typically are intact.

In

some samples, calcispheres and ostracodes occur about equally.
Packstones, especially composed solely of ostracode valves, are the
most abundant texture present (Fig. 33F).

Bioturbated wackestones and

mudstones are common (Fig. 33G, 34A) containing calcispheres and rare
ostracodes.

Mudstone intervals were interbedded with a few wackestone

or packstone lenses, commonly 1 to 7 millimetres-, rarely as much as 20

1
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Figure 34
Photographs and photomicrographs of the Ostracode, Calcisphere
Packstone Lithofacies from the Lagoon Environment and of the Mottled
and Laminated Dolomudstone Lithofacies from the Tidal Flat Environment.
A.

Photomicrograph of a bed composed almost entirely of calcispheres;
Ostracode, Calcisphere Packstone Lithofacies (NDGS Well No. 51588852.1). Bar scale equals 2.0 mm. Up is to the left.

B.

Photomicrograph of two calcispheres with no spokes that are
characteristic of this lithofacies; Ostracode, Calcisphere
Packstone Lithofacies (NDGS Well No. 5158-8852.1). It was taken
in polarized light. Bar scale equals 0.25 mm.

C.

Photomicrograph of a bed composed of gastropods and ostracodes
interbedded in mudstones and wackestones; Ostracode, Calcisphere
Packstone Lithofacies (NDGS Well No. 4379-11175.4). Bar scale
equals 2.0 mm. Up is to the left.

D.

Photograph of a laminated dolomudstone; Mottled and Laminated
Dolomudstone Lithofacies (NDGS Well No. 2638-5044).

E.

Photograph of a burrowed dolomudstone; Mottled and Laminated
Dolomudstone Lithofacies (NDGS Well No. 5277-4888). Up is to the
left.

F.

Photograph of cross-bedding in calcisiltite; Mottled and Laminated
Dolomudstone Lithofacies (NDGS Well No. 4916-12016). Up is to the
left.

G.

Photograph of mud-cracked and laminated dolomudstone; Mottled and
Laminated Dolomudstone Lithofacies (NDGS Well No. 5279-5099). Up
is to the left.

H.

Photograph of halite-filled fenestral fabric in dolomudstone;
Mottled and Laminated Dolomudstone Lithofacies (NDGS Well No. 461811666). Up is to the left.
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millimetres-thick.

The mudstone typically contains abundant fine

comminuted material, although it can be lacking.
mudstones often reintroduces skeletal material.

Bioturbation of
Bedding can be

distinguished by a variety of features including the alternation of
mudstone with wackestone or packstone beds (Fig. 33H, 34C), the
presence of peloids, the alternation of beds of ostracodes with beds of
calcispheres, by the denseness of packing of ostracode fragments, and
by the presence of dolomite that occurs only in more "loosely packed"
packstone areas.
Some shelter porosity develops beneath ostracode valves and is
filled with equant-calcite spar (Table 10).

Mollusk shells have been

inverted to equant-calcite spar (Fig. 34G).

In some situations, this

lithofacies becomes very dolomitized, contains isolated anhydrite
crystals, small felted anhydrite nodules, fenestral fabric (Fig. 33E),
and rare blocky anhydrite in vugs.

It is rarely fractured (equant

calcite-filled), is stylolitic and contains pyrite generally
disseminated or concentrated along laminations and abundantly within
ostracode fragments.

There is common shelter porosity and rare

interparticle, intraparticle, moldic, fracture, and burrow porosity
(Table 13).
The Ostracode, Calcispere Packstone Lithofacies is associated
closely with the Peloid Packstone, the Amphipora Wackestone and the
Mottled and Laminated Dolomudstone Lithofacies (Table 5).

The

Ostracode, Calcisphere Packstone Lithofacies has been identified from
several cores (Table 6) from the Second Episode of deposition.
Interpretation:--The Ostracode, Calcisphere Packstone
Lithofacies is interpreted to have formed in a restricted marine lagoon

r
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due to the abundance of euryhaline biota with only rare occurrence of
any stenohaline organisms (Heckel, 1974).
The kinds of organisms found in this lithofacies (i.e., bivalves,
gastropods, ostracodes, calcispheres) are characteristic of a brackish
or hypersaline fauna (schizohaline fauna).

In addition to the low

faunal diversity, there are relatively great numbers of a few types of
organisms, due to a lack of predation by other organisms and to reduced
competition for space and nutrients (Enos, 1983).

Such a depauperate

fauna is adapted for survival under extreme conditions such as salinity
fluctuations and very shallow depths (Heckel, 1972).
Many modern and ancient lagoons are characterized by black,
laminated or slightly burrowed mudstone, rich in organic matter, and
containing only tolerant groups of organisms (Enos, 1983).

Rocks

similar to this lithofacies have been reported from Devonian rocks in
Canada (Stanton, 1963; Klovan, 1964; Murray, 1966; Jamieson, 1971;
Machielse, 1972; Norris and others, 1982).

In all cases, these

Devonian rocks, containing calcispheres, have been interpreted to have
formed in a lagoonal environment.
In many rocks of this lithofacies, the ostracodes were found
fragmented to various amounts, sorted, and aligned parallel by currents
that produced laminated packstones commonly containing fenestral
fabric.

Although muddy sediment is most common in the restricted-

lagoon, intertidal settings, beach deposits characterized by shelly
laminated deposits with fenestrae have been reported to form (Enos,
1983).
The Ostracode, Calcisphere Packstone Lithofacies contains a
depauperate fauna dominated by ostracodes, calcispheres, and
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gastropods.

It is dominated by laminated packstones that contain

fragmented, pyritized ostracode fragments, which illustrate current
activity.

This lithofacies is interpreted to have formed in a

restricted-subtidal, lagoonal environment and in an intertidal, beach
setting landward of the lagoon or on a shoal within the lagoon.

Tidal Flat Environment
Six lithofacies have been recognized from what is interpreted as a
Tidal Flat Environment.

They include the Mottled and Laminated

Dolomudstone, the Dark, Mottled Dolomudstone, the Hematite
Dolomudstone, the Algal (Cyanobacterial), the Ooid, Peloid Packstone,
and the Swirled Anhydrite and Dolomudstone Lithofacies.

The Tidal Flat

Environment developed landward of the shelf Lagoon Environment.

Muddy

sediments accumulated in very shallow, restricted, subtidal zones and
syndepositional dolomudstones and evaporites formed in periodically
exposed, intertidal to almost continuously exposed, supratidal zones.

Mottled and Laminated Dolomudstone Lithofacies
Description:--The dominant characteristic of this lithofacies is
the presence of beige to tan, rarely gray, nonfossiliferous
dolomudstone (Table 4) that is commonly mottled or rarely laminated.
When lamination is present (Fig. 34D), it is millimetre-sized,
continuous to disrupted.

The appearance of a laminated fabric is

emphasized by differences in coloration between individual laminations
caused by differing sizes of dolomite rhombohedra, differing amounts of
mottling, porosity, argillaceous or organic content, disseminated
pyrite, dolomitization, peloids, or small anhydrite nodules.
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Lamination is also emphasized by concentration along laminations
boundaries of pyrite, hematite, organic or argillacous content, silica
or anhydrite replacement, stylolites and microstylolites.

Bioturbation

disrupts many laminations.
However, most samples are composed of thin-bedded (0.4 - 1.2 cm)
to medium-bedded (1.2 - 6.0 cm), mottled dolomudstone.

Distinct

burrows may be seen in some samples (Fig. 34E) but, as the degree of
bioturbation increases, burrows interfere with each other, and
eventually the rock appears mottled.

Wispy stringers of argillaceous

or organic material are common; horsetail stylolites of organic
stringers have been traced laterally until they coalesce into
microstylolites or stylolites.

Cross-bedding is rare (Fig. 34F).

These rocks are commonly mudcracked (Fig. 34G, 66D), and contain
fenestral fabric (Fig. 34H, 35D) and intraclasts (Fig. 35A, 64H).
Quartz silt is rare to common in this lithofacies (Fig. 35B).

Although

typically nonfossiliferous (Table 4), rare ostracode fragments have
been found indicating a transition to the Ostracode, Calcisphere
Packstone Lithofacies (Table 5).

Some samples contain rare to abundant

peloids with a possible transition to the Peloid Packstone Lithofacies.
Diagenetic features (Table 10) include fracturing, syndepositional
dolomitization, secondary dolomitization, and pyrite either
disseminated throughout or concentrated in mottled areas (Fig. 3SC),
along wispy laminations (Fig. 63C), in ostracode fragments (Fig. 33G),
or along fractures.

Fenestral fabric may be lined by calcite (Fig.

64G) and is filled with anhydrite (Fig. 64H) or halite (Fig. 34H); the
latter was removed during sample preparation.

Minor anhydrite

replacement occurs as isolated or small rosettes of crystals that grade
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Figure 35
Photographs and photomicrograph of the Mottled and Laminated
Dolomudstone and of the Dark, Mottled Dolomudstone Lithofacies, both
from the Tidal Flat Environment.
A.

Photograph of intraclasts probably formed from mud-cracked
dolomudstone sediment; Mottled and Laminated Dolomudstone
Lithofacies (NDGS Well No. 5281-4789).

B.

Photomicrograph of quartz silt in mottled dolomudstone; Mottled
and Laminated Dolomudstone Lithofacies (NDGS Well No. 5279-5102.4).
Bar scale equals 1.0 mm. Up is to the left.

C.

Photograph of laminated and mottled dolomudstone with areas of
concentrated pyrite producing a "patterned carbonate"; Mottled and
Laminated Dolomudstone Lithofacies (NDGS Well No. 5280-4707A). Up
is to the left.

D.

Photograph of anhydrite-filled fenestral fabric in dolomudstone;
Mottled and Laminated Dolomudstone Lithofacies (NDGS Well No. 52774883). Up is to the left.

E.

Photograph of solution breccia with mixed lithologies; Dark,
Mottled Dolomudstone Lithofacies (NDGS Well No. 5277-4874). Up is
to the left.

F.

Photograph of multi-colored, laminated dolomudstone breccia; Dark,
Mottled Dolomudstone Lithofacies (NDGS Well No. 6624-7190/91). Up
is to the left.

G.

Photograph of laminated dolomudstones; Dark, Mottled Dolomudstone
Lithofacies (NDGS Well No. 5257-11151). Up is to the left.

H.

Photograph of contact between separately-deposited, supratidal,
pyrite-mottled dolomudstones; Mottled and Laminated Dolomudstone
Lithofacies (a) and dark dolomudstones; Dark, Mottled Dolomudstone
Lithofacies (b) (NDGS Well No. 5279-5094). Up is to the left.

1

181
into small nodules.

As anhydrite displacement increases, there is a

transition to the Swirled Anhydrite and Dolomudstone Lithofacies.

The

Mottled and Laminated Dolomudstone Lithofacies contains abundant
intercrystal and burrow porosity, common fenestral and shrinkage
porosity, and rare moldic, fracture and vug porosity (Table 13).
The Mottled and Laminated Dolomudstone Lithofacies has been
recognized at the bottom of several cores ("transitional" unit), and
near the top of many cores from the western, southern, and eastern
shelves (Table 6).

This lithofacies was formed both at the beginning

of the First Episode and near the end of the Second Episode (Table 5).
Interpretation:--The Mottled and Laminated Dolomudstone
Lithofacies is interpreted to have been deposited in a muddy,
restricted, subtidal, intertidal and lower-supratidal zone on a coastal
sabkha.

This lithofacies lacks a shelly fauna which is indicative of

peritidal conditions or an extremely shallow, restricted lagoon (e.g.,
Hagan and Logan, 1974; Shinn, 1983b).

Varying amounts of original

depositional lamination have been preserved.

The laminations were

produced either by periodic influx of sediment by storm-generated waves
and flooding (Ginsburg and Hardie, 1975) from the offshore marine zone
to the flats or by sediment trapping by an algal mat that was not
preserved (Heckel, 1972).
exposed.

The tidal zone is intermittently flooded and

Extensive bioturbation occurs below middle-intertidal level,

destroying depositional lamination and producing mottled or homogeneous
sediment (Moore and Scruton, 1957).

Therefore, preserved laminations

likely formed in the upper-intertidal or lower-supratidal zone.
Mud cracks, where present with other evidences of exposure,
indicate origin by desiccation processes.

1
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expansion can also contribute to their formation (Assereto and Kendall,
1971).

The mud cracks in the Mottled and Laminated Dolomudstone

Lithofacies are small, closely spaced, and involve thin layers,
indicating deposition of mud by hypersaline waters (Baria, 1977)
followed by periods of exposure during which the mud was desiccated.
Under these restricted or supratidal conditions, the mud was hardened
and cemented particularly by aragonite (James, 1984a).

Currents of the

next tidal cycle disrupted or transported lithified mud chips as
intraclasts (Shinn, 1983b).
Large, laterally elongated, unsupported voids (Tebbutt and others,
1965) and randomly-distributed, globular voids (Shinn, 1968a), found in
this lithofacies were created by the decay of sediment-covered algal
mats, shrinkage during drying, accumulation of pockets of fluid, or air
bubble entrapment and escape.

Both linear and globular fenestra are

preserved in supratidal and intertidal rockss and only in restricted,
subtidal rocks (Enos, 1983).

Fenestrae were preserved from compaction

by early cementation (Shinn and others, 1980; Shinn and Robbin, 1983)
and were quickly filled with carbonate cement or evaporites (Shinn,
1983a).
Based upon modern studies of tidal flats (early: Illing, 1954;
Newell and Rigby, 1957; and Shinn and others, 1965 on the Bahamas;
Wells, 1962 and Illing and others, 1965 on the Persian Gulf; and more
recent: Shearman, 1978; Kendall, 1979; Butler and others, 1982), and
application to ancient rocks (e.g., Laporte, 1967; Roehl, 1967), two
types of tidal flats have been recognized: salt marshes develop in
humid regions, and a flat, salt-encrusted desert or sabkha (Shearman,
1978, p. 13) forms in arid regions.

T
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Formation indicate that the climate in North Dakota during the Middle
Devonian is interpreted as being arid; the associated marine rocks
imply that a coastal sabkha (Handford, 1981) developed.

Early

diagenetic processes that affected this lithofacies include reduction
in the subtidal sediments, oxidation in the intertidal and supratidal
sediments imparting a cream or light tan coloration to them, and
dolomitization and carbonate cementation in the supratidal sediments
(Shinn and others, 1969).
Evaporite formation and dolomitization of sabkha sediment was
controlled by the concentration of phreatic waters.

Periodically, sea

water covered the flats with sheets of water (James, 1983) and sank
into the subsurface where the water was concentrated by evaporation.
Eventually, the water became saturated with respect to gypsum which
then precipitated as nodules, replacement crystals, and pore-filling
crystals (Lucia, 1972).

Once gypsum had precipitated, the remaining

fluid had a higher magnesium-to-calcium ratio than the original sea
water.

The brine probably was diluted by meteoric ground water or by

occasional heavy rainfall, thus temporarily lowering its salinity;
further evaporation increased its salinity.

This fluid moved down

through the underlying lime mud, and dolomitized it (Adams and Rhodes,
1960), producing protodolomite or syndepositional dolomite of lowerand upper-supratidal sediments.

Such reflux dolomitization is

characteristic of evaporitic shorelines (Lucia, 1972).
The position of the Mottled and Laminated Dolomudstone Lithofacies
at the top of a shallowing-upward sequence (James, 1984a) also places
this lithofacies in a tidal-flat zone.

Based upon a comparison with

modern sabkhas, the Mottled and Laminated Dolomudstone Lithofacies is
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interpreted to have formed on a sabkha-type tidal flat.

This

lithofacies was deposited under restricted conditions, in part, in the
subtidal to lower-intertidal zones where bioturbation was extensive
and, in part, in the upper-intertidal to lower-supratidal zones where
mud cracks, preserved lamination, intraclasts, and fenestral fabrics
developed. · Landward, evaporites of the Swirled Anhydrite and
Dolomudstone Lithofacies formed in the upper-supratidal zone.

Dark, Mottled Dolomudstone Lithofacies
Description:~No skeletal allochems have been identified from
the Dark, Mottled Dolomudstone Lithofacies (Table 4).
cracks and intraclasts are rare.

Peloids, mud

Argillaceous or organic-rich wispy

stringers are common, and bioturbation has disrupted lamination and
produced a mottled appearance.

There is common intracrystal porosity,

and rare fracture, burrow and shrinkage porosity (Table 13).
Rocks of this lithofacies have been brecciated (Table 10) where
they are found overlying former pinnacle reefs and at the shelf margin
(Table 6), they are not brecciated where this lithofacies is found
overlying the shelf.

Where brecciated, the clasts vary extensively but

tend to be irregular, angular fragments of dolomudstone.

The clasts in

any one sample may be composed of similar-colored dolostone (Fig. 35F)
but more commonly of several different colors of dolostone (Fig. 35E,
66C).

The matrix of the breccia is light to medium gray dolomudstone,

and appears similar throughout any sample.
Similar-colored, similar-appearing nonbrecciated dolomudstone
(Fig. 35G) is found from the eastern shelf (Table 6).

These

nonbrecciated dolomudstones do not appear very different from lower
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dolomudstones (which belong to the Mottled and Laminated Dolomudstone
Lithofacies formed during the Second Episode), except that the upper
beds are a dark gray with ferroan dolomite whereas the lower beds
contain no iron.

In one case, there is an unconformable contact (Fig.

35H) between the tidal-flat rocks that are interpreted to have been
deposited during the Second Episode and the overlying rocks from the
Dark, Mottled Dolomudstone Lithofacies that are interpreted to have
been deposited during the Fifth Episode.
On the pinnacle reefs or at the shelf margin, the Dark, Mottled
Dolomudstone Lithofacies is found above the Mottled and Laminated
Dolomudstone Lithofacies or the Algal (Cyanobacterial) Lithofacies and
below the Hematite Dolomudstone Lithofacies and Prairie salt (Table 5).
On the eastern shelf, the Dark, Mottled Dolomudstone Lithofacies is
found above the Swirled Anhydrite and Dolomudstone or the Mottled and
Laminated Dolomudstone Lithofacies, and below the "Second Red Bed" of
the Dawson Bay Formation.
Interpretation:--The Dark, Mottled Dolomudstone Lithofacies is
interpreted to have formed in a tidal flat environment in the
restricted, subtidal, intertidal, and lower-supratidal zones, in a
similar manner to that of the previous lithofacies.

This is the

"breccia" unit discussed in the chapter on Stratigraphy.
Brecciation of this lithofacies unit, where it is found above
pinnacle reefs, occurred sometime after its lithification and prior to
the deposition of the Hematite Dolomudstone Lithofacies, which overlies
it on several pinnacle reefs but does not contain clasts of mixed
derivation.

Brecciation and mixture of rock types can occur as the

result of the following processes: sediment gravity flow, tectonism,
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breaking at the base of a coastal cliff, collapse of roofs in karst, or
collapse of overlying strata into areas of salt solution of underlying
strata (Esteban and Klappa, 1983).

Brecciation of syndepositionally

cemented dolomudstones on a small scale can be accomplished by
shrinkage due to desiccation or by growth of evaporites, but does not
mix rock types.
The breccia in the Dark, Mottled Dolomudstone is interpreted to be
a collapse breccia.

Fresh-water solution of carbonates or evaporites

caused the collapse of the "cave" roofs to produce a breccia (Maiklem,
1971).

About 49 metres (160 feet) of Prairie salt is found in NDGS

Well No. 1069 (Cardinal

Keeler #1) in Bottineau County of North

Dakota but, less than 3.3 kilometres (2 mi) away, NDGS Well No. 38
(California - Thompson #1) contains no salt (Anderson and Hunt, 1964),
but does have a breccia zone.

Solution of the Prairie salt has been

suggested as the reason for brecciation in the Winnipegosis Formation
in Saskatchewan (DeMille and others, 1964; Baar, 1974; Holter, 1969;
Dunn, 1976; Gendzwill, 1978a, 1978b; Simpson, 1978; Worsley and Fuzesy,
1978; Williams, 1984), in Manitoba (Norris and others, 1982), and in
North Dakota (Anderson and Hunt, 1964; Parker, 1967).

The far-shelf

localities where the Dark, Mottled Dolomudstone Lithofacies is not
brecciated were areas of nondeposition of underlying halite.
The Dark, Mottled Dolomudstone Lithofacies is interpreted to have
formed by deposition on coastal sabkhas that developed over sites of
former pinnacle reefs and shelves, in some places overlying evaporites,
and to have undergone subsequent brecciation due to solution of
underlying evaporites.

This lithofacies is interpreted to have been

formed during the Fifth Episode after the deep inter-reef basin was
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filled with salt of the Prairie Formation to the top of the pinnacle
reefs (Table 5).

Hematite Dolomudstone Lithofacies
Description:--The Hematite Dolomudstone Lithofacies is composed
of mottled, very fine-grained dolomudstone (Fig. 36A).

No skeletal or

nonskeletal allochems have been recognized from this lithofacies (Table
4).

The dolomudstone has a high argillacous content and common quartz

silt (Fig. 36B).

Almost all of this lithofacies is stained with

hematite which occurs isolated along wispy stringers (Fig. 36C),
variably concentrated in mottled areas, or pervasively throughout (Fig.
66B).

Argillaceous- or organic-rich wispy stringers are abundant in

some samples.

A slightly brecciated fabric (Fig. 55D) occurs in many

cases, but there is no mixture of rock types; bladed anhydrite fills
the voids between breccia fragments (Table 10).

There has been rare

bladed replacement of matrix, and rare development of felted anhydrite
nodules.

There has been some enlargement of dolomite rhombohedra in a

few samples.

Fine crystals of pyrite are rarely to commonly

disseminated throughout, but larger crystals are concentrated in
mottled areas.

There is abundant breccia porosity, common intercrystal

and rare fracture porosity (Table 13).
This lithofacies can be recognized on mechanical well logs where
the gamma-ray log has a positive "shale" response (Appendix C, NDGS
Well No. 4918, 6535, and 6624).

The Hematite Dolomudstone Lithofacies

occurs at the top of three pinnacle reefs (Table 6), above the Dark,
Mottled Dolomudstone Lithofacies and below Prairie salt (Table 5).
Interpretation:--The Hematite Dolomudstone Lithofacies is
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Figure 36
Photographs and photomicrographs of the Hematite Dolomudstone, of the
Algal (Cyanobacterial), and of the Ooid, Peloid Packstone Lithofacies,
all from the Tidal Flat Environment.
A.

Photograph of hematite-stained, mottled dolomudstone; Hematite
Dolomudstone Lithofacies (NDGS Well No. 5277-4856). Up is to the
left.

B.

Photomicrograph of quartz silt in dolomudstone; Hematite
Dolomudstone Lithofacies (NDGS Well No. 6535-6478.7). Bar scale
equals 1.0 mm.

C.

Photomicrograph of mottled dolomudstone with hematite concentrated
in argillaceous-rich stringers; Hematite Dolomudstone Lithofacies
(NDGS Well No. 4918-6490.6). Bar scale equals 1.0 mm. Up is to
the left.

D.

Photograph of algal- or cyanobacterial-controlled laminated mat;
Algal (Cyanobacterial) Lithofacies (NDGS Well No. 4918-6511). Up
is to the left.

E.

Photograph of inclined, algal- or cyanobacterial-controlled
laminated mat; Algal (Cyanobacterial) Lithofacies (NDGS Well
No. 4918-6510A and -6510B). Up is to the left.

F.

Photomicrograph of porous algal- or cyanobacterial-controlled
lamination; Algal (Cyanobacterial) Lithofacies (NDGS Well
No. 4918-6511.0). Bar scale equals 2.0 mm. Up is to the left.

G.

Photomicrograph of algal- or cyanobacterial-controlled lamination;
Algal (Cyanobacterial) Lithofacies (NDGS Well No. 4918-6512.2).
Bar scale equals 1.0 mm. Up is to the left.

H.

Photomicrograph of laminated packstone; Ooid, Peloid Packstone
Lithofacies (NDGS Well No. 5158-8825.3). Bar scale equals 2.0 mm.
Up is to the left.
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interpreted to have formed in a restricted, subtidal to lowerintertidal zone which developed over former pinnacle reefs.

This is

the "hematite" unit discussed in the chapter on Stratigraphy.
These sediments lack a shelly fauna but had an abundant burrowing
infauna, do not contain recognizable mud cracks, intraclasts, or
fenestral fabrics, nor preserve original depositional lamination.
Extensive bioturbation commonly occurs in the restricted, subtidal to
lower-intertidal zone, which is consistent in this lithofacies with the
lack of upper-tidal-flat features.
The dolomudstones have undergone minor brecciation that did not
mix rock types.

Such brecciation occurred either by shrinkage during

desiccation or by growth of evaporites.

The dolomudstones were either

deposited in or altered in an oxidizing environment that imparted a red
color to these rocks (Norris, 1969; Power, 1969; Turner, 1979).

The

red color of these rocks suggests, but is not diagnostic of, subaerial
origin (Wilson, 1975).

As sea level rose around the uppermost part of

the pinnacle reefs (following exposure during the Third and Fourth
Episodes), coastal sabkhas developed over some of the former reefs.
The rocks of the Hematite Dolomudstone Lithofacies contain
abundant quartz silt and clay minerals, probably blown as dust to the
top of slightly emergent islands (former pinnacle reefs).

During the

Middle Devonian (Fig. 1), North Dakota lay approximately 20 degrees
south of the equator, with trade winds from the present-day northeast
(Heckel and Witzke, 1979).

These winds would have blown from the

exposed Precambrian Shield where quartz and clay minerals would have
been weathering from other rocks.

In arid and semi-arid regions, dust

storms are presently common phenomena, especially if there are strong
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persistent winds blowing over dry, fine-grained, and loose soil (Khalaf
and others, 1985).

Winds are quite capable of transporting clays and

quartz silt for long distances (Wilson, 1975); for example, Barbados,
an isolated, oceanic island, received fallout of wind blown dust from
Africa (Prospero, 1968).

Therefore, it is probable that clay minerals

high in potassium, or possibly uranium, were blown to this area of
occurrence and were incorporated into sediment accumulating on the
periodically emergent islands overlying former pinnacle reefs, causing
the high gamma-ray-log response.
The Hematite Dolomudstone Lithofacies is interpreted, due to
extensive bioturbation and lack of upper-intertidal and lowersupratidal features, to have been deposited in the lower-intertidal or
restricted, subtidal, marine zone, possibly in a restricted lagoon or
on a coastal sabkha.

Quartz silt and clay-sized iron oxide and clay

minerals blown from the Precambrian Shield were deposited with lime mud
under oxidizing conditions with subsequent production of red
coloration.

This lithofacies is interpreted to have been deposited

during the Fifth Episode.

Algal (Cyanobacterial) Lithofacies
Description:--The Algal (Cyanobacterial) Lithofacies is composed
of very porous, clotted, wavy and irregular, laminated dolomudstone.
In hand sample, the orientation of laminations ranges from horizontal
(Fig. 36D) to a high degree (Fig. 36E).

Vuggy porosity occurs between,

as well as within, laminations, and is reminiscent of fenestral fabric.
In thin section, the laminations appear to be composed of mottled,
clotted, or rarely peloidal dolomudstone (Fig. 36F).

No skeletal or
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nonskeletal allochems have been identified (Table 4).

Microscopic,

spaced-laterally-linked hemispheroids (Logan and others, 1964) are
present (Fig. 36G).
Dolomitization is extensive in this lithofacies (Table 10).
Stylolites are common between laminations and between sets of
laminations, and are readily identified at changes in angle of sets of
laminations.

Many of the pores remain open but some are filled with

blocky anhydrite.

There are rare felted anhydrite nodules.

Growth-

framework is abundant and intercrystal porosity is common (Table 13).
The Algal (Cyanobacterial) Lithofacies is found in several cores
(Table 6) and occurs above the Stromatoporoid, Tabulate Coral
Boundstone and the Codiacean Algae, Calcisphere Packstone Lithofacies
on pinnacle reefs and above the Porous Dolostone Lithofacies on the
eastern-shelf margin, and below the Dark, Mottled Dolomudstone
Lithofacies on both pinnacle reefs and the shelf margin (Table S).
Interpretation:--The Algal (Cyanobacterial) Lithofacies is
interpreted to have formed under the influence of blue-green algae
(actually bacteria) in the trapping and binding of mud.

This

lithofacies has undergone extensive dolomitization and has had the
contacts between sets of laminations obscured by stylolitization.
These rocks formed at a time in the deposition of the Winnipegosis
Formation during which tidal-flat conditions or subaerial exposure
would have affected them.

They may have formed as algal stromatolites

with fenestral fabric or as spring tufa or travertine.
Algal mats, relatively planar sedimentary structures, and
hemispherical algal stromatolites form by the trapping of lime mud by
mucilagineous filaments of blue-green algae or cyanobacteria (Bauld,
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1981) in the upper-intertidal zone (e.g., Logan and others, 1964;
Davies, 1970b; Schneider, 1975).

The horizontally laminated beds in

this lithofacies may be sediment trapped by algal mats, and the
diverse-angled laminated beds may be due to vertical penetration of
different algal stromatolites.

If growth ceased on a lower

stromatolite, an overlying stromatolite could grow randomly located in
relation to those underneath.

A core might penetrate different domes.

The laminoid to irregular-shaped pores (classification, after Logan,
1974) found in this lithofacies may be fenestral fabric (Logan and
others, 1974).

There is preferential concentration of magnesium in

algal material (Friedman and others, 1973) which might contribute to
the high level of dolomitization of these rocks; although this
lithofacies underwent dolomitization at the same time as the underlying
pinnacle-reef and shelf-margin rocks.
Travertine is "all carbonate incrustation on plant remains without
reference to pore volume or density" (Julia, 1983, p. 64), whereas tufa
implies a spongy porous texture (Esteban and Klappa, 1983) due to decay
of plant material such as algae or moss.

Blue-green algae or bacteria

influence formation of calcareous tufa and travertine (Heckel, 1972;
Chafetz and Folk, 1984).

Travertine forms in nonmarine environments,

such as springs, small rivers and swamps (Julia, 1983), and as part of
supratidal and intertidal crusts in arid and hypersaline areas (Harris
and others, 1985).

Ancient travertine would be recognized as

botryoidal, radial, and arborescent carbonate fabrics and, depending
upon its site of formation, might or might not be laminated (Julia,
1983).

Dolomitization would have obscured original fabric.

The Algal (Cyanobacterial) Lithofacies is interpreted to be algal
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stromatolites or algal or bacteria-induced tufa associated with
peritidal crusts.

This lithofacies has been found in rocks interpreted

to have formed during exposure of the pinnacle reefs and shelf margins
(between the late Second to late Fourth Episodes).

Ooid, Peloid Packstone Lithofacies
Description:--The Ooid, Peloid Packstone Lithofacies contains
abundant spheroidal peloids, well-rounded, elliptical intraclasts, and
ooids (Table 4).

These nonskeletal allochems occur in distinct

laminations (Fig. 36H) and thin beds (0.6 - 1.0 cm) with a porous
packstone texture.

The packstone beds are separated by thin beds of

faintly laminated mudstone or small-peloid packstone.

Although ooids

do not make up the most abundant allochem, they are the most
distinctive constituent for identification of this lithofacies and for
interpretation.
The ooids form around a nucleus of rounded to elongated peloids
and intraclasts identical to those which accompany the ooids (Fig.
37A).

In fact, the diameter of the nucleus and the diameter of the

peloids or intraclasts are similar; the ooids, because of their
coatings, therefore, are larger than the surrounding peloids or
intraclasts.

Typically, there are from one to six concentric laminae

present, although most ooids are composed of three or four.

The

laminae show a radial fibrous (Fig. 37A, 37B) crystal structure
superimposed upon the concentric structure.
Rare quartz silt is present in this lithofacies.

Pyrite is rarely

concentrated in ooids or disseminated throughout the matrix (Table 10).
Halite and very rare bladed anhydrite are present in pores.
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Figure 37
Photographs and photomicrographs of the Ooid, Peloid Packstone and of
the Swirled Anhydrite and Dolomudstone Lithofacies, both from the Tidal
Flat Environment and of the Laminated Dolomudstone Lithofacies from the
Evaporite Environment.
A.

Photomicrograph of peloids and ooids; Ooid, Peloid Packstone
Lithofacies (NDGS Well No. 5158-8825.3). Bar scale equals 0.5 mm.
Up is to the left.

B.

Photomicrograph of radially-fibrous ooids; Ooid, Peloid Packstone
Lithofacies (NDGS Well No. 5158-8825.3). Bar scale equals 0.5 mm.
Up is to the left.

C.

Photograph of laminated dolomudstone and anhydrite that was
distorted while the sediment was still in a semi-plastic condition;
Swirled Anhydrite and Dolomudstone Lithofacies (NDGS Well No. 52774883).

D.

Photomicrograph of felted anhydrite with dolomite stringers;
Swirled Anhydrite and Dolomudstone Lithofacies (NDGS Well No. 524610205.9). It was taken with polarized light. Bar scale equals
0.5 mm. Up is to the left.

E.

Photograph of "swirled" texture of anhydrite and dolomudstone;
Swirled Anhydrite and Dolomudstone Lithofacies (NDGS Well No. 79311394). Up is to the left.

F.

Photomicrograph of "swirled" texture of anhydrite and dolomudstone;
Swirled Anhydrite and Dolomudstone Lithofacies (NDGS Well No. 524610205.9). It was taken with polarized light. Bar scale equals
0.5 mm. Up is to the left.

G.

Photograph of continuous, evenly laminated dolomudstone; Laminated
Dolomudstone Lithofacies (NDGS Well No. 6296-7810). Up is to the
left.

H.

Photomicrograph of a thin-bed of dolomudstone with isolated streaks
of organic material and with randomly-oriented celestite crystals;
Laminated Dolomudstone Lithofacies (NDGS Well No. 5296-7813.3).
Bar scale equals 1.0 mm. Up is to the left.
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dolomite rhombohedra partly replace the matrix and rarely part of the
lamina of an ooid.

There is common interparticle and rare fracture

porosity (Table 13).
The Ooid, Peloid Packstone Lithofacies is associated with the
Mottled and Laminated Dolomudstone (Table 5).

The Ooid, Peloid

Packstone Lithofacies has been identified from one core (Table 6) from
the southern shelf.
Interpretation:--Due to the radially fibrous microstructure of
the ooids and the close association of this lithofacies with the
Mottled and Laminated Dolomudstone Lithofacies, the Ooid, Peloid
Packstone Lithofacies is interpreted to have formed in quiet waters of
ephemeral, hypersaline ponds located on a broad tidal flat.
Each ooid lamina is composed of smaller grains of aragonite termed
nannograins or nano-grains (Loreau and Purser, 1973).

The orientation

of these nannograins can be tangential, radial, or random; modern
marine ooids, even from an arid climate, have a preferred orientation
of their c-axes tangential to the wall (Bathurst, 1971, p. 299; Halley,
1977), and modern hypersaline ooids have a radial orientation of c-axes
(Freeman, 1962; Davies, 1970a; Friedman and others, 1973; Lareau and
Purser, 1973; Kahle, 1974, Sandberg, 1975; Halley, 1977).

Ooids that

formed in situ in a protected environment on the tidal flat and that
were not subjected to abrasion retain their radial orientation.
Due to the occurrence in the Ooid, Peloid Packstone Lithofacies of
ooids with a radial orientation of nannograins and the close
association of this lithofacies with another lithofacies formed on
tidal flats, the Ooid, Peloid Packstone Lithofacies is interpreted to
have been deposited in ephemeral, hypersaline ponds on the tidal flat
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that formed during the Second Episode.

Swirled Anhydrite and Dolomudstone Lithofacies
Description:~Two distinct lithologies are mixed together in
varying amounts in the Swirled Anhydrite and Dolomudstone Lithofacies
from one extreme of almost all dolomudstone to the other extreme of
almost all anhydrite.

These two lithologies are mixed together

commonly with a swirled fabric (Fig. 37C).

The contact between

dolomudstone and anhydrite may be distinct and sharp or more connnonly
gradational.
The microcrystalline dolomudstone is commonly laminated or rarely
mottled, with continuous to wispy stringers of argillaceous, organicrich material, and rarely stained with hematite.
devoid of any fossil content (Table 4).
to coarsely pelleted.

The dolomudstone is

However, it is commonly finely

Rare intraclasts have been identified.

The

dolomudstone may occur in isolated areas, as stringers, or interbedded
with anhydrite (Fig. 37C, 37D).

Dolomite rhombohedra are recognized as

isolated crystals or as ghosts in a felted anhydrite mosaic.
At the other end of the dolomudstone-anhydrite continuum, there
are samples composed almost entirely of anhydrite (Fig. 37E), with a
dominantly felted or microfelted texture (Fig. 37F), although there are
rare samples with areas of bladed anhydrite.

In some cases, the felted

crystals are aligned parallel or subparallel to each other.

The

anhydrite occurs as isolated crystals, as crystal rosettes, as a
swirled felted mush, and rarely as isolated nodules, coalescing nodules
and enterolithic structures.

The Swirled Anhydrite and Dolomudstone

Lithofacies contains nodular, nodular-mosaic, mosaic, and contorted
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mosaic forms (Maiklem and others, 1969).
Pyrite (Table 10) occurs finely disseminated or concentrated along
particular laminations.

Quartz silt is rarely present.

enlargement of dolomite rhombohedra occurs frequently.

Secondary
Mud cracks have

been recognized in a few cases, but anhydrite growth commonly displaces
the dolomudstone (Fig. 59D).

There is rare intercrystal porosity

(Table 13).
The Swirled Anhydrite and Dolomudstone Lithofacies is associated
with, and gradational to, the Mottled and Laminated Dolomudstone
Lithofacies (Table 5).

It has been identified from various cores

(Table 6) found on the western, southern, and eastern shelves.
Interpretation:--The Swirled Anhydrite and Dolomudstone
Lithofacies is interpreted to have formed in the upper-supratidal zone
of a coastal sabkha.

The anhydrite has formed penecontemporaneously

within tidal-flat, syndepositional dolomudstones, dominantly by plastic
displacement but with rare solid displacement of the sediment.
Evaporites have been difficult rocks to study because they are
altered by solution, burial, dewatering, and deformation; they tend to
be greatly altered in outcrop, if present at all, so that recent
advances in ideas of their formation have come from subsurface studies.
Evaporites have recently begun to be considered as sedimentary rocks
formed by deposition of sediment rather than as precipitates.

Modern

sites of evaporite deposition are two or three orders of magnitude too
small in thickness and aerial extent to explain ancient rock
accumulations (Kendall, 1984).

Evaporites forming today are found

within two belts, each lying approximately 10 and 40 degrees north or
south of the equator in the subtropical, high-pressure, atmospheric-
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circulation zones that correspond well with Heckel and Witzke's (1979)
reconstruction of the Devonian continents, placing the Elk Point Basin
between 10 and 20 degrees South latitude.
Evaporites form in a variety of geographic settings that include
continental sabkhas, coastal sabkhas, shallow hypersaline lagoons along
coasts, and deep hypersaline basins (Kendall, 1984).

The Winnipegosis

Formation in North Dakota has evaporites that seemed to have formed in
two of these settings.

The Swirled Anhydrite and Dolomudstone

Lithofacies is interpreted to have formed on a coastal sabkha-tidal
flat, and the Laminated Anhydrite Lithofacies accumulated in a deep
hypersaline basin.

The latter lithofacies will be discussed under the

Evaporite Basin section that follows.
The coastal sabkha sequence in the Winnipegosis Formation includes
the Mottled and Laminated Dolomudstone and the Swirled Anhydrite and
Dolomudstone Lithofacies.

The supratidal part of the tidal flat was

emergent most of the time (e.g., Shearman, 1966; Kinsman, 1966, 1969;
Butler, 1969).

Evaporites were restricted to the upper sediments of

the sabkha, but dolomitization extended in depth as brines moved
downward and seaward through the sediment wedge (Kinsman, 1969).

In

the Abu Dhabi sabkha of the Persian Gulf, the first anhydrite to appear
is found in the capillary zone of sediments about 1 kilometre inland
from the normal, high-water mark (Kinsman, 1969).

Therefore, landward

changes in an ancient coastal sabkha place anhydrite nodules and
enterolithic structures in sediment of the upper-supratidal zone
(Butler, 1969; Kendall and Skipwith, 1969; Butler and others, 1982;
Shinn, 1983b).
Alteration of and interaction of phreatic waters in ancient

T

201

coastal sabkhas produced these vertical and horizontal differences in
diagenesis of sediments through which they flowed.

The interstitial

brines were replenished with sea water by monthly abnormal high tides
and rare storm surges (Shearman, 1978).

With marine flooding, sea

water sank into the sediment raising the water table, which probably
rarely exceeded 1 to 2 metres in depth (Kinsman, 1969).

In turn,

capillary evaporation lowered the water table, increased salinity, and
promoted upward water movement within the phreatic zone by evaporative
pumping (Kendall, 1984).

With each succeeding flooding, the normal-

marine sea water not only evaporated at the surface (Levy, 1977a) but
interacted with pre-existing calcium sulfate or halite minerals by
dissolving them until saturated.

Continental ground waters also may

have dissolved previously precipitated minerals (Levy, 1977b).

The

interaction of marine- and continental-derived, ground-water masses
produced lateral differences in mineral assemblages from place to place
(Levy, 1977b).

A mixing zone formed where the marine-phreatic and

freshwater-phreatic fluids came into contact (Fig. 52).
The brine evolved chemically during evaporative concentration also
by the precipitation of calcium carbonate and calcium sulfate (Long and
Gudramovics, 1983).

Evaporation of normal marine water first caused

early aragonite cementation of tidal-flat muds, then the precipitation
of gypsum (Levy, 1977a), which, in turn, caused dolomitization of
pre-existing aragonite since the loss of calcium ions increased the
Mg/Ca ratio.

The dolomitization process, particularly of aragonite,

resulted in the release of additional calcium, which in turn reacted
with sulfate ions in the ground waters to form more gypsum or
anhydrite.

These dolomitizing brines sank through the sediment,
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replacing the lime muds of the intertidal and supratidal zones (James,
1984a).

The Swirled Anhydrite and Dolomudstone Lithofacies is interpreted
to have formed in the upper-supratidal zone of a coastal sabkha in
which gypsum, anhydrite, dolomite and other minerals may have formed as
a diagenetic alteration of tidal-flat sediments.

Evaporite Basin Environment
The vertical stratigraphic sequence of lithofacies found in the
basin region was as follows.

The Brachiopod, Crinoid Mudstone to

Grainstone Lithofacies is overlain by the Laminated Mudstone
Lithofacies; both lithofacies are interpreted to be part of the normal
marine sequence.

The first rocks that were deposited in what is

interpreted to be an Evaporite Basin Environment belong to the
Laminated Dolomudstone Lithofacies.

The lower unit of this latter

lithofacies overlies the Laminated Mudstone Lithofacies.

The Laminated

Dolomudstone Lithofacies (lower unit) is overlain by the Laminated and
Stromatolite Lithofacies, and the former lithofacies (upper unit) is
overlain by the Laminated Anhydrite Lithofacies which, in turn, is
overlain by halite of the Prairie Formation.
discussed below in the order given.

These lithofacies are

The lithofacies that belong to the

Evaporite Basin Environment are here separated from the general,
deep-to-shallow sequence of "normal marine" lithofacies, as developed
previously, because they seem to record a change in salinity and
possibly water depth in the deep physiographic, inter-reef basin
through time.

l
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Laminated Dolomudstone Lithofacies
Description:~The Laminated Dolomudstone Lithofacies is
characterized by continuous, flat, millimetre-sized laminations (Fig.
37G) and thin to medium beds (Fig. 37H, 38A).
some laminations.

Microstylolites separate

Abundant isolated celestite crystals (Fig. 37H) and

rare rosettes of anhydrite crystals are found.

The lithofacies does

not contain any skeletal allochems, and rare peloids are the only
nonskeletal allochems present (Table 4).

Small burrows occur but are

rare, and organic-rich material is present between laminations.
are commonly destroyed by stylolitization.

Both

Nonlaminar, thin- to

medium-bedded areas are common, but discontinuous, horizontal to
randomly oriented stringers of organic matter remain (Fig. 37H, upper
part of 38B).

Although dolomudstone is the dominant lithology, lime

mudstone is present interlaminated with dolomudstone and found
laterally of dolomudstone in "diagenetic fronts" (Fig. 59H) in the
lower part of the lower unit.

Upward, limestone disappears (middle and

upper part of lower unit), and farther upward, anhydrite begins to
occur (upper part of upper unit).

Dolomudstone and anhydrite

iaminations alternate, with an upward increase in the frequency and
thickness of anhydrite present.
Diagenetic features (Table 10) include isolated anhydrite
crystals, anhydrite-crystal rosettes, small anhydrite nodules (Fig.
38C) with some nodules coalescing to form enterolithic structures,
bladed anhydrite in vugs, discontinuous laminations associated with
anhydrite replacement, and partial to complete syndepositional dolomite
replacement.

Common intercrystal porosity and rare fracture porosity

are observed (Table 13).
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Figure 38
Photographs and photomicrographs of the Laminated Dolomudstone and of
the Laminated and Stromatolite Lithofacies, both from the Evaporite
Basin Environment.
A.

Photograph of a laminated section of dolomudstone that is overlain
by a thin-bedded interval of dolomudstone, that is, in turn,
overlain by a medium-bedded mottled dolomudstone with discontinuous
streaks of organic matter; Laminated Dolomudstone Lithofacies (NDGS
Well No. 6684-7485/86). Up is to the left.

B.

Photograph of thin-bedded dolomudstones that are separated by
semi-continuous laminae of organic-rich material and each bed with
discontinuous streaks of organic-rich material; Laminated
Dolomudstone Lithofacies (NDGS Well No. 6684-7485/86). Up is to
the left.

C.

Photomicrograph of a thin-bedded interval of mottled dolomudstone
overlain by an interval of laminated dolomudstone, both contain
small anhydrite nodules; Laminated Dolomudstone Lithofacies (NDGS
Well No. 6684-7487.5). Bar scale equals 2.0 mm. Up is to the
left.

D.

Photograph of continuous, undulating laminations composed partly of
calcite (dark) and dolomite (light), a "diagenetic" front;
Laminated and Stromatolite Lithofacies (NDGS Well No. 6684-7477).

E.

Photomicrograph of discontinuous lamination of a subaqueous algal
mat; Laminated and Stromatolite Lithofacies (NDGS Well No. 28008313.0). Bar scale equals 1.0 nun.

F.

Photomicrograph of discontinuous lamination and domed structure of
a subaqueous algal mat or stromatolite; Laminated and Stromatolite
Lithofacies (NDGS Well No. 2800- 8313.0). Bar scale equals 2.0 nun.

G.

Photomicrograph of fairly continuous lamination and slightly domed
structure of a subaqueous algal mat with mostly replacive anhydrite
at the crest; Laminated and Stromatolite Lithofacies (NDGS Well
No. 6684-7496.9). Bar scale equals 2.0 mm. Up is to the left.

H.

Photograph of a laterally-linked, closely-spaced stromatolite;
Laminated and Stromatolite Lithofacies (NDGS Well No. 2800-8311A).
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The Laminated Dolomudstone Lithofacies abruptly overlies the
Laminated Mudstone Lithofacies and occurs as lower and upper units with
the Laminated and Stromatolite Lithofacies in between.
underlies the Laminated Anhydrite Lithofacies (Table S).

The upper unit
The Laminated

Dolomudstone Lithofacies shows a gradual upward transition to the
Laminated Anhydrite Lithofacies due to an increase of interbedded
anhydrite upward, associated with a decrease in amount of dolomudstone.
The contact between lithofacies has been arbitrarily placed where, as
one goes upward in the section, the anhydrite content becomes greater
than 50 per cent of the rock.

The Laminated Dolomudstone Lithofacies

has been identified from all three basinal cores (Table 6).

It was

formed during the Third Episode.
Interpretation:--The Laminated Dolomudstone Lithofacies is
interpreted to have formed in a deep basin in deep water under
increased salinity conditions or under a stratified water column.

A

deep-water environment that allows dolomudstone to accumulate is not
mentioned, as such, in the literature on modern environments or models.
There is no environment where deep-water evaporites are accumulating in
deep basins in the Recent (Friedman, 1978b).
Middle Devonian laminated carbonates and anhydrites in Canada have
been interpreted to have formed both as sabkhas on the floors of
previously deep basins (Fuller and Porter, 1969a; Shearman and Fuller,
1969a) and as deep-water deposits (Wardlaw and Reinson, 1971).
Individual laminations are composed of a couplet~ a microcrystalline
mineral layer and a nonskeletal organic detrital film -- that has been
correlated visually and statistically over distances up to 164
kilometres (100 mi) (Wardlaw and Reinson, 1971).
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The "laminites" in this lithofacies in North Dakota also contain
thin- to medium-thick beds.

The thicker beds may have formed as

laminites but the lamination was destroyed by bioturbation (Moore and
Scruton, 1957), or they may have formed by deposition from turbidity
currents.

However, in the latter case, the fine-grained sediment size

prevented the development of a classic turbidity sequence (Bouma, 1962;
the thick beds equal the A to D beds; and the laminites equal the E
beds).

In Canada, thin, graded beds are reported to have had limited

lateral continuity, for they could not be correlated even between
closely spaced wells, but turbidite beds were thicker and more frequent
in occurrence in wells close to carbonate buildups (Davies and Ludlam,
1973).

Due to the lack of skeletal organisms, it seems that this

lithofacies was deposited under restricted conditions.

The rocks from

this lithofacies in North Dakota lack internal sorting, cross-bedding,
wave, ripple, or other current marks, and any sign of desiccation.
Therefore, they did not form on a tidal flat; they formed subaqueously,
beneath wave base.
A wide-spread occurrence of and correlation of laminites may
indicate that sediment accumulated in deep water, although such
laminations also have been found in shallow subaqueous to subaerial,
exposed environments (Lowenstein and Hardie, 1985) where abrupt brine
stratification dampened wave motion even at shallow depths.

However,

in addition to correlation of laminites, the lack of associated shallow
water lithofacies, a large size of the evaporite unit, and gravitydisplaced sediments (Kendall, 1984) support a deep-water origin.
The depth of an ancient, physiographic basin does not necessarily
indicate the depth of water in that basin.

1

The determination of depth
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of a physiographic basin can be made by comparing the level of
age-equivalent sediments from adjacent pinnacle-reef and deep-basin
wells (Kendall, 1984).

Such a determination for the Winnipegosis

Formation in North Dakota indicates an approximate depth of 91 metres
(298 ft) for the physiographic, inter-reef basin at the beginning of
the Third Episode when the Laminated Dolomudstone Lithofacies began to
be deposited.

The depth of the inter-reef basin in Canada at this time

has been estimated to be at least 40 to 50 metres (Davies and Ludlam,
1973; Kendall, 1984).
Deep-water basins tend to develop a stratified water body that is
composed of an upper, normal, marine water mass and a lower, anoxic,
water mass.

Anoxic conditions in the lower water mass inhibit the

development of burrowing organisms, thereby preventing bioturbation,
and water stratification prevents disruption of the bottom sediment by
surface-generated forces (Davies and Ludlam, 1973).

The resulting

sediment is laminites, which are thought to represent seasonal or
annual increments of sedimentation when they are very uniform, are
traceable over long distances, and are repeated many times with great
regularity (Dean and others, 1975).

Modern, stratified water masses

develop with a variety of sizes and depths in freshwater lakes, nearly
normal marine seas, and in hypersaline bodies.

An example of a

hypersaline, stratified water body is the Dead Sea which is about 50
kilometres wide, in which the upper layer is about 27 metres deep, with
29 ppt and with oxygenated water, and the lower layer is about 323
metres deep, with 330 ppt and with waters containing hydrogen sulfide
(Neev and Emery, 1967).
The Laminated Dolomudstone Lithofacies is interpreted to have
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formed in a hypersaline, stratified evaporite basin.

There was little

or no free oxygen below the photic zone (Kendall, 1984); sediment
formed in upper, oxygenated waters and settled out of suspension or was
transported to the bottom by turbidity currents (Schreiber and others,
1976).

The dolomudstone of this lithofacies was probably originally

aragonite mud that accumulated under dysaerobic conditions similar to
conditions under which the Laminated Mudstone Lithofacies formed.

Then

the aragonite mud was syndepositionally replaced by dolomite, releasing
strontium that was precipitated as celestite crystals.
brine evolved in the following manner.

The hypersaline

It formed by the evaporation of

normal, marine water resulting first in the precipitation of aragonite
and, with continued evaporation, in the precipitation of gypsum (Levy,
1977a).

Due to the removal of calcium from these waters resulting in

an increase in the Mg/Ca ratio, a dolomitizing brine was produced.
This brine then penetrated into underlying sediment, causing
dolomitization of the sediment.

However, the dolomitizing fluids did

not penetrate everywhere to the same depth, and "diagenetic fronts"
resulted.
In the Winnipegosis in North Dakota, the Laminated Dolomudstone
Lithofacies is interpreted to have formed in a deep-basin, deep-water
environment because the basin had uniform physical conditions, with a
lack of physical or biological disruption of laminae after deposition.
The Laminated Dolomudstone Lithofacies is interpreted as representing
formation (?precipitation) of lime mud in an upper aerobic stratum but
deposition by settling or transportation by turbidity currents to a
permanent, stagnant, anoxic or dysaerobic, physically and chemically
stratified water body.

l

The sediment thus formed then underwent
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syndepositional replacement to microcrystalline dolomite.

Laminated and Stromatolite Lithofacies
Description:~The Laminated and Stromatolite Lithofacies is
characterized by a golden color imparted to the rock in thin section
due to the preservation of abundant organic material and to the
retention of hydrocarbons.

In hand sample, the rock appears dark brown

to black, laminated, with flat, wavy (Fig. 39G), undulating (Fig. 39D)
or domal structures (Fig. 38H).
this lithofacies

~

There are two types of laminations in

continuous, millimetre-thick, equidimensional

laminations and discontinuous, variably-thick laminations.

In thin

section, the laminations are either distinct and continuous (Fig. 38G),
similar to those in the Laminated Dolomudstone Lithofacies but composed
of calcite, or they appear indistinct and discontinuous (Fig. 38E; 38F)
of algal origin.

The rock is composed of limestone or dolostone, or,

in some cases, both (Fig. 38D), and it contains neither skeletal nor
nonskeletal allochems (Table 4).

The laminations are replaced and

displaced by anhydrite nodules (Fig. 38G) or fracture-offset.

The

stromatolites are commonly flat to undulating, but rarely form closely
spaced, laterally-linked hemispheres (Fig. 38H) (Logan and others,
1964).

Some of the algal mats have been ripped up and displaced,

doubling (Fig. 39A), or even tripling in the section.
Diagenetic features (Table 10) include small to large, displacive,
anhydrite nodules; rare, isolated, celestite crystals; fractures;
recrystallization associated with early lithification; or
dolomitization while still unlithified.

Both recrystallization and

dolomitization occur vertically in alternating laminations or sets of
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Figure 39
Photographs of the Laminated and Stromatolite and of the Laminated
Anhydrite Lithofacies, both from the Evaporite Basin Environment.
A.

Photograph of a ripped up and doubled set of laminae (one lamina
becomes two horizontally, emphasized by stylolitization); Laminated
and Stromatolite Lithofacies (NDGS Well No. 2800-8307).

B.

Photograph of interlaminated dolomudstone and anhydrite (light)
with a large anhydrite nodule; Laminated Dolomudstone Lithofacies
transitional to the Laminated Anhydrite Lithofacies (NDGS Well
No. 6684-7467). Up is to the left.

C.

Photograph of small anhydrite nodules in dolomudstone, some nodules
appear to be coelescing to form indistinct to continuous anhydrite
laminations and thin beds with some interbedded dolomudstone
laminae; Laminated Anhydrite Lithofacies (NDGS Well No. 2800-8300).
Up is to the left.

D.

Photograph of interbedded character of laminated anhydrite and
dolomudstone with some anhydrite layers forming enterolithic
structures (NDGS Well No. 6684-7461). Up is to the left.

E.

Photograph of small anhydrite nodules, some of which appear to be
coelescing to form indistinct to continuous anhydrite laminations
in a dolomudstone (NDGS Well No. 2800-8300).

F.

Photograph of interbedded dolomudstone and anhydrite; nodules
appear as distinct entities, as coelescing nodules in layers, and
as complete laminations with enterolithic structures (NDGS Well
No. 6684-7503A).

G.

Photograph of bedded anhydrite with enterolithic structures with
some interbedded dolomudstone (NDGS Well No. 5246-10219B). Up is
to the left.

H.

Photograph of bedded anhydrite with minor remnant dolomudstone
(NDGS Well No. 6684-7457). Up is to the left.
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laminations, or horizontally in "diagenetic fronts" (Fig. 38D).
Anhydrite displacement occurs with soft-sediment deformation in
dolomite areas and fracturing and offset in calcite areas.

The

fractures are filled with equant, calcite spar; pyrite is concentrated
along or between laminations, and microstylolites are fairly common.
This lithofacies contains abundant intercrystal and rare fracture
porosity (Table 13).
The Laminated and Stromatolite Lithofacies is underlain and
overlain by the Laminated Dolomudstone Lithofacies (Table 5).

It has

been identified from the same position in lithologic sequence in two
basinal cores (Table 6), formed during the Third Episode.
Interpretation:--The Laminated and Stromatolite Lithofacies is
interpreted to have formed in a physiographically deep, inter-reef
basin, under hypersaline conditions at times within the photic zone and
occasionally within reach of currents~ probably in slightly shallower
water than the Laminated Dolomudstone Lithofacies.
The golden color seen in thin sections is due to trapped
hydrocarbons (personal communication, B. C. Schreiber, 1981, Queens
College, CUNY, and Lamont-Doherty Geological Observatory, Columbia
University) with organic matter pervading each calcite crystal, which
indicates that the crystals grew in an organic substrate without
disrupting it (Wardlaw and Reinson, 1971).

In Canada, similar rocks

have been interpreted to be algal mats that accumulated on a
periodically exposed sabkha (deep-basin, shallow-water/sabkha model)
(Fuller and Porter, 1969a; Shearman and Fuller, 1969a) or laminated
sediments deposited in a deep basin (deep-basin, deep-water model)
(Wardlaw and Reinson, 1971).

The depth of the basin in Saskatchewan
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was estimated to be 105 metres (345 ft) (Jones, 1965b), which was
deeper than that suggested for North Dakota at this time (maximum of 91
m); therefore, the bottom sediments in Saskatchewan may not ever have
been above the base of the photic zone.

If this were the case, true

algal mats were not formed in Saskatchewan but did form in North Dakota
at this time.

However, due to current disruption of the mat, depth of

the water was near storm-wave base, or, more likely, at a minimum of 20
to 30 metres (Schreiber and others, 1982).

Due to the lateral

continuity of associated laminated rocks, general lack of vertical
segregation into algal growth forms (Logan and others, 1964), and
especially due to the absence of characteristics of exposure, these
algal mats did not form on a sabkha.
Modern, subtidal stromatolites (e.g., Bathurst, 1967; Gebelein,
1969; Neumann and others, 1970) appear as small, sediment mounds, which
are convex, circular to elliptical in plan view, with an average
diameter of 10 centimetres and thickness of about 1 centimetre (Frost,
1974); they may contain wavy and very discontinuous laminae, or very
regular and parallel laminae which persist for short distances (Dean
and others, 1975).

Subtidal stromatolites can show remarkable vertical

persistence and lateral continuity (Eriksson, 1977) over hundreds of
square kilometres; correlation of individual laminae can be made for no
more than a few hundred metres.

The laminae are composed of a couplet

of a sediment-rich laminae and an organic-rich laminae, which suggests
diurnal algal growth; but a daily, monthly, annual, or other regular
periodic growth pattern is suggested by Park (1976).
Deep-water stromatolites, indicative of a deeper, subaqueous
environment, below wave and current activity but still within the
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photic zone (Playford and others, 1976, Fig. 9., A and C, p. 552;
Schreiber and others, 1976) have been reported to form at depths of 45
metres or more.

The presence of blue-green algae alone is insufficient

evidence for depth estimates (Monty, 1971, 1977), for stromatolites
have a great environmental range from peritidal to deep basin (Hoffman,
1974).

Subaqueous algal mats either do not form because of substrate

competition (Pratt, 1982b) or they are commonly destroyed by burrowing
and grazing organisms in normal, marine waters (Garrett, 1970).
Salinity controls the distribution of modern gastropods and polychaetes
(Cussey and Friedman, 1976) and probably controlled the distribution of
trilobites (Kepper, 1974).

Preservation of the mats, except for rare

patches, occurs only in restricted environments that have a paucity or
absence of these algae-scavenging invertebrates (Mazzullo and Friedman,
1977).
Algal mats can grow in hypersaline waters (James, 1984a).

Such

waters contain much suspended organic residues, surface nucleated and
floating evaporite crystals, and numerous anaerobic bacteria (Kendall,
1984).

These impurities reduce light penetration, limiting the photic

zone to shallow depths, sometimes to only a few decimetres, which
compares well with the depth inferred for the deep, inter-reef basin in
North Dakota.
The original mineralogy of the lime mud was probably aragonite and
has been partly replaced by coarsely crystalline calcite and partly by
dolomite.

Soft-sediment deformation took place due to growth of

displacive anhydrite crystals within the sediment prior to replacement
or to compaction.

Local replacement by dolomite probably occurred

either because the algae created a microenvirorunent in which magnesium
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was preferentially concentrated in the organic matter (Friedman and
others, 1973) or because precipitation of gypsum or anhydrite within
the sediment produced a local dolomitizing fluid.
The Laminated and Stromatolite Lithofacies is interpreted to have
formed within a physiographically-deep, inter-reef basin under
hypersaline conditions.

At times the bottom may have been above, and

at other times below, both the reach of currents and the bottom limit
of the photic zone.

As development of the Evaporite Basin continued,

evaporative drawdown may have caused shallowing of water depth.
Fluctuations in water depth hovered near the base of the photic zone,
producing both stromatolites when above, and organic-rich (settled)
laminations when below, the base of this zone.

This lithofacies

indicates a period of shallowing of the basin from that seen
previously, and subsequently, in the Laminated Dolomudstone
Lithofacies.

Laminated Anhydrite Lithofacies
Description:--Thin (less than 1.0 cm) to thick (greater than 1.0
cm) intervals of laminated dolomudstone (Fig. 39B, 39C) are
alternatingly interbedded with laminations or thin beds of anhydrite in
the lower part of the Laminated Anhydrite Lithofacies; the amount and
thickness of anhydrite beds increase upwards until the lithology is
entirely anhydrite (Fig. 39H).

There is an upward change from

bedded-nodular anhydrite to bedded nodular-mosaic, bedded-mosaic,
contorted-bedded, to massive anhydrite (Maiklem and others, 1969).
This lithofacies contains no allochems (Table 4) and is found in the
upper portion of basinal cores.

r
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Dolomudstone intervals may contain small, isolated nodules of
anhydrite (Fig. 39B, 39C, 39E).

In some intervals, the nodules become

so dense that they coalesce to form an entire lamination (Fig. 39C,
39F) with the development of enterolithic structures (Fig. 39D, 39G,
59F) in some cases.

Ghosts of algal laminations are preserved in some

of the anhydrite (Fig. 59G).

Upward in the core, the amount of

dolomudstone decreases until only stringers of dolomudstone remain
(Fig. 39H).

The lower part of the Laminated Anhydrite Lithofacies

(overlying the Laminated Dolomudstone Lithofacies) is laminated; the
middle is thin- to thick-bedded (Fig. 39H), and the upper is massive.
This lithofacies is overlain by halite of the Prairie Formation (Table
S).

The only porosity is a fine intercrystal porosity in the

dolomudstone parts of the rock (Table 13).

The Laminated Anhydrite

Lithofacies was formed during the Third Episode and has been found in
two cores in the basinal environment (Table 6).
Interpretation:~For purposes of simplicity and ease of
recognition, this lithofacies has been named the Laminated Anhydrite
Lithofacies although the lower part of these rocks contains anhydrite
interbedded with dolomudstone and the upper part of the lithofacies
contains bedded to massive anhydrite.

The contact between the

underlying Laminated Dolomudstone and the overlying Laminated Anhydrite
Lithofacies is gradational as these two lithologies are interbedded.
An arbitrary cutoff was used where SO per cent of the rock is
anhydrite.
The Laminated Anhydrite Lithofacies is interpreted to have formed
in a shallowing but hypersaline, physiographically deep, inter-reef
basin: first under increasing, but fluctuating, salinity or amount of
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sulfate-reduction, progressing upward to more stabilized conditions,
but under probably increasing salinity.

The depth of the water in the

basin may have been decreasing due to evaporative drawdown during
deposition of this lithofacies (Maiklem, 1971).

This lithofacies is

overlain by halite of the Prairie Formation indicating a continued
increase in salinity.

The Lower Prairie Formation is reported to have

bedded halite (Klingspor, 1969) with chevron crystals and carbonateanhydrite laminae (Wardlaw and Schwerdtner, 1966); the chevron
structure is thought to be caused by displacive growth of halite
crystals, and has been interpreted to have formed as brine-pan or
shallow-subaqueous sediments (Kendall, 1984).

The mechanism for

deposition of enormous volumes of this material remains problematical
(Kendall, 1984).

Although influx of water into the Elk Point Basin was

in northwestern Alberta, it is difficult to imagine that these brines
traveled more than 1000 miles to North Dakota.

Regular interbedding of

lamination of minerals of different solubilities such as dolomite
(?originally aragonite), anhydrite, and in some cases halite and potash
reflect variations in brine concentration, temperature or evaporation
rate (Kendall, 1984).
Filaments of algae have been found in modern and ancient
evaporites (Rouchy and Monty, 1981).

The algal filaments that are

trapped in the anhydrite of this lithofacies may indicate that at times
the bottom was above the lower limit of the photic zone.

The lower

part of this lithofacies shows no wave- or current-created features so
the bottom was beneath wave base.

It is possible that the bedded

anhydrites in the upper part of the core may be shallow, subaqueous
anhydrites.
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Crystals of gypsum that form at the air-water interface are very
fine-grained, silt-sized needles that break free of the surface and
sink very early in their history (Schreiber and others, 1982).
Sulfate-reducing bacteria prevent gypsum precipitation within the
lower, anoxic layer and cause the dissolution of settling gypsum (Amiel
and Friedman, 1971).

Therefore, the accumulation of sulfates on the

sea floor indicates that the rate of sulfate supply must have exceeded
the rate of removal by bacterial activities (Kendall, 1984).

Although

anhydrite has never been observed forming in the water column in
nature, it is possible that it can develop in a similar manner
(Schreiber and others, 1982), or the anhydrite may be a diagenetic
alteration of original gypsum sediment.

The upper, bedded anhydrite is

interpreted to be of this origin.
In lower beds of this lithofacies, anhydrite occurs as individual
nodules, coalescing nodules, individual laminae, and enterolithic
structures.

Concurrent with mudstone accumulation, gypsum and

anhydrite precipitate as nodules in sabkha sediments (Ali and West,
1983) and presumably in deep basin sediments (Dean and others, 1975;
Kendall, 1984).

If this is the case, the anhydrite from the lower part

of this lithofacies is interpreted to have first crystallized as small,
isolated nodules which, as they grew and increased in number, began to
coalesce, eventually forming enterolithic structures.

Although such

features have been thought to be indicative of sabkha development
(e.g., Butler, 1969; Friedman, 1972), these are essentially diagenetic
features that probably have no inherent environmental interpretive
value (Shearman and Fuller, 1969a; Dean and others, 1975).
Layered evaporites have been reported to accumulate in ephemeral
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saline pans, shallow perennial lagoons or lakes, and in deep perennial
basins (Lowenstein and Hardie, 1985).

Individual, uniformly-thick,

anhydrite laminae in this lithofacies were produced by the accumulation
of sulfate crystals that settled in deep water or by deposition from
turbidity currents (Kendall, 1984).

The absence of bioturbation and

benthic fossils (Davies and Ludlam, 1971), lack of shallow-water
features or current-formed structures, and long-distance correlation of
laminites (Schreiber and others, 1982) suggest deep-water deposition.
It is probable that as evaporation continued, the brine changed
concentration.

When sufficiently concentrated, precipitation of gypsum

began in the surface waters.

Friedman (1978b) reported experiments

that indicated that gypsum is precipitated at concentrations about 3.35
times that of sea water at 30 degrees Celsius, or at a salinity of 124
ppt.

The gypsum forming in the upper waters sank, only to redissolve,

because the lower brines remained unsaturated with respect to gypsum,
similar to the situation in the Red Sea (Friedman, 1972).

But the

dissolution of gypsum by these brines caused the concentration to
increase until saturated, at which time gypsum crystals began to
collect on the basin floor.

In addition to brine concentration,

sulfate-reducing bacteria may have prevented gypsum accumulation.
Sulfate reduction occurring in the presence of organic matter prevented
gypsum accumulation until the rate and volume of organic matter needed
by bacteria was less than the rate and volume of gypsum precipitation
in surface waters.

Such a change would be gradual and subject to

reversal and fluctuations.

The same sequence of events occurred for

halite concentration, precipitation, dissolution, and eventual
accumulation.

Therefore, gypsum was probably forming in surface waters
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during the deposition of the Laminated Dolomudstone Lithofacies,
likewise, halite formed during deposition of the Laminated Anhydrite
Lithofacies.

In the absence of significant water input, the

precipitation of evaporites in the inter-reef basin must have been
accompanied by rapid lowering of the brine surface due to evaporative
drawdown (Kendall, 1984).
The Laminated Anhydrite Lithofacies is interpreted to have
accumulated in a physiographically deep basin with a progressive
increase in salinity and with progressive shallowing due to evaporative
drawdown.

This interpretation is especially reasonable if the Prairie

halites are, indeed, of shallow subaqueous origin.

If the water depth

was actually, decreasing, then this is another example of a shallowingupward sequence.

ENVIRONMENTS OF DEPOSITION

Introduction
The lithofacies identified from the Winnipegosis Formation in
North Dakota were described and interpreted in the previous chapter.
This chapter discusses the geographic distribution of the environments
of deposition and the time sequence of basin development.
The Kaskaskia Sequence (Sloss, 1963) is represented by numerous
fluctuations of an overall transgressive-regressive cycle with minor
pulses superimposed.

The rocks of the Lower Elk Point Subgroup of

western Canada were deposited during a first pulse of transgression.
The rocks of the Upper Elk roint Subgroup were deposited during the
second pulse.

The Ashern Formation and most of the Winnipegosis

Formation were deposited during this second pulse of transgression.
The rest of the Winnipegosis Formation and the Prairie Formation were
deposited during the regression of this second pulse.

Johnson and

others (1985) recognized fourteen transgressive-regressive cycles of
eustatic origin for the Devonian System of Euramerica (Johnson and
others, 1985).

The Ashern Formation corresponds to cycle Id, the lower

Winnipegosis Formation to cycle Ie, and the upper Winnipegosis
Formation and Prairie Formation to cycle If.

Johnson and others (1985)

thought that the eustatic sea level rises that resulted in these cycles
were due to mid-plate thermal uplift and submarine volcanism.

During

the Middle Devonian, there were world-wide changes in the configuration
of continents.

Collision of continents with associated mountain
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building was beginning or was about to begin along the edges of the
North American craton.
Ellesmere.

Orogenies included the Acadian, Antler, and

The latter, located in northern Yukon, northern Alaska, and

the Arctic Islands (Miall, 1973), was the closest to the Elk Point
Basin, but did not directly affect deposition within the Basin.
A relative rise in sea level is usually caused by the cumulative
effects of tectonic subsidence and eustatic sea level rise.

In

carbonate systems, a third element, carbonate production, is important
in the formation and maintainence of platforms.

Three situations can

develop by the interplay of these factors: a platform, a drowned
platform (deep basin), and a drowned platform with pinnacle and atoll
reefs (Kendall and Schlager, 1982).

Two of these situations are found

in the development of the Winnipegosis Formation.

A platform developed

during the First Episode where carbonate production was able to keep up
with sea-level rise.

The uniform platform was replaced during the

Second Episode by a peripheral platform that was able to keep pace with
rising sea level and by a drowned platform (deep basin) with isolated
pinnacle reefs.

Drowned platforms are common in the geologic record,

but they present a paradox when the rates of processes involved are
considered (Schlager, 1981).

Carbonate production can keep pace with

most rates of rising sea level.

Therefore, rapid pulses of relative

rise of sea level or reduction of benthic growth by deterioration of
the environment are the only plausible explanations of drowning.

Time and space
The suggested history of the area would have the initial pulse of
the Kaskaskia transgression occurring from northwestern Alberta and
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southeastern British Columbia to central Saskatchewan, approximately to
the Meadow Lake Escarpment (Fig. 40A) that may (Van Hees, 1958) or may
not (Williams, 1984) have had significant topographic relief.
Evaporites and unfossiliferous dolomudstones that are thought to be of
Lower Devonian age were deposited.

A second pulse of Kaskaskia

transgression occurred with the inundation of the remainder of the
southeastern half of the Elk Point Basin (Fig.40B).

The Ashern,

Winnipegosis, and Prairie Formations were deposited at this time.
Rocks (Fig. 41A) of the Winnipegosis and Prairie Formations in
North Dakota were formed during six episodes of deposition (Fig. 41B);
the formations (Fig. 41C) are time transgressive.

Because of the

difference between time and formation names, the episodes were numbered
consecutively from earliest "Winnipegosis time" to latest "Prairie
time."

The first Prairie rocks were deposited during the Fourth

Episode.
Rocks formed during the First Episode are found in the center of
the Basin (Fig. 13A).

The beds dep9sited during the Second Episode

(Fig. 13B) extend beyond rocks deposited during the First Episode; the
basin differentiated into shelf and deep basin with pinnacle reefs
(Fig. 14).

Inter-reef laminites formed during the Third Episode (Fig.

13C) and salt filled the inter-reef basin during the Fourth Episode.
Rocks of the Fifth Episode cover the shelves and sites of former
pinnacle reefs with dolostones while continuous deposition of salt
occurred in the "inter-reef" areas.

During the Sixth Episode, salt was

deposited over the previous basin and part of the shelf area with
additional dolomudstone deposition beyond the salt margin.

The

present-day margin of the Prairie salt (Fig. 14) is, at least in part,
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Figure 40
Index maps of areas of deposition during the Lower and Middle Devonian
in the Elk Point Basin.
A.

Index map showing extent of deposition of the Lower Elk Point
Subgroup during the Lower Devonian in the Elk Point Basin (modified
from Grayston and others, 1964 and Fuzesy, 1980).

B.

Index map showing full development of the Elk Point Basin during
the Middle Devonian (modified from Grayston and others, 1964).
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Figure 41
Diagrams illustrate relationship of lithologies, episodes, and
formation names~ Winnipegosis and Prairie Formations.
A.

Diagram of idealized cross section illustrates the sequence of
lithologies found in various parts of the Basin in North Dakota.

B.

Diagram illustrates the distribution of rocks formed during each
episode of deposition.

C.

Diagram illustrates formation names applied to these rocks.
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a solution edge, so its original limits are unknown.

The "Second Red

Bed" of the Dawson Bay Formation overlies the entire area and is
followed by the deposition of Dawson Bay limestones during the next
transgressive pulse.

Relation to the Ashern Formation
The lower red member of the Ashern Formation has been interpreted
to represent a coastal sabkha that built up rather than out due to a
rapid rate of transgression (Lobdell, 1984).

The rocks of the upper

dark gray member have been interpreted to have been deposited in a
restricted lagoon or embayment under hypersaline, reducing conditions.
The Ashern-Winnipegosis contact is essentially conformable.

In two

cores that cover this interval, there appears to have been some
disruption (rip-up clasts and an eroded bed indicating exposure).
However, in general, the contact represents continuance of, or renewed,
transgression associated with a change from restricted to normal marine
conditions.

First Episode
"Transitional" unit of the Winnipegosis Formation
The first one-to-six feet of rock overlying the contact between
the Ashern and Winnipegosis Formations belongs to one of two
lithofacies.

Rocks of the Mottled and Laminated Dolomudstone

Lithofacies were deposited under supratidal conditions in some areas
while rocks of the Brachiopod, Crinoid Mudstone to Grainstone
Lithofacies were deposited under normal, marine conditions in other
areas.

The rocks of this "transitional" unit are similar to a
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"deepening upward" or transgressive cycle (Fischer, 1964).

The extent

and thickness of supratidal rocks would be dependent upon the slope of
the sea floor, the magnitude of wave and current agitation, the rate of
sea-level rise or the rate of subsidence, or a combination of the later
two.

A slow rate of transgression or subsidence would correspond to

the development of a thick and extensive supratidal unit, and a rapid
rate of transgression or subsidence would result in no significant
recognizable stratigraphic record (Laporte and Imbrie, 1964) of this
event.

In the Winnipegosis Formation, because some areas have no

supratidal rocks and, where developed, the supratidal unit is thin, the
transgression into North Dakota was probably rapid.

The development of

separate lithofacies in different areas was probably dependent upon
local subsidence rates.

Depositional history
The "transitional" unit is considered to be the record of the
lower part of the First Episode.

The transgression continued with

moderate subsidence or moderate rate of sea-level rise.

Kendall (1984)

suggested that detailed log correlation across basin margins could be
used to identify basin configuration.

In a similar manner, the lower

Winnipegosis beds, as recognized on well logs, are seen to be located
in northwestern North Dakota and to pinch out laterally.

Figure 13A

shows the geographic extent of the rocks deposited during the First
Episode and Figure 13D shows the part of the log which corresponds to
these beds.
At this time, there appears to have been a basin-wide development
of a relatively uniform, shallow-marine shelf (Fig. 42A) (e.g., Barss
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Figure 42
Block diagrams of the episodes of Winnipegosis deposition in North
Dakota.
A.

During the First Episode of deposition, there was a basin-wide
development of widespread, thin, carbonate units of fairly uniform
lithofacies and biofacies that accumulated in a shallow-marine
environment.

B.

During the Second Episode of deposition, the basin became
differentiated into peripheral, shallow shelves and a central,
deep, dysaerobic basin with isolated pinnacle reefs. Therefore,
there developed several environments of deposition: deep basin,
deep shelf, shallow shelf, reef, lagoon, and tidal flat.

C.

During the Third Episode of deposition, a fall in eustatic sea
level and evaporite drawdown resulted in the exposure of the
shelves and the upper part of pinnacle reefs and the development of
an evaporite, inter-reef basin.

D.

During the Fourth Episode of deposition, halite filled the
inter-reef basin to the level of the top of the pinnacle reefs.
During the Fifth Episode of deposition, coastal sabkhas developed
over the shelves and over sites of former pinnacle reefs.
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and others, 1970; Bebout and Maiklem, 1973b; Norris and others, 1982).
All cores that penetrate this interval of rocks in North Dakota are
composed of the Brachiopod, Crinoid Mudstone to Grainstone Lithofacies.
Rocks sampled for this study (Appendix F) from three quarries in the
Elm Point Formation in Manitoba, which is equivalent to, and a
lithofacies of, the lower member of the Winnipegosis Formation (Norris
and others, 1982) in the subsurface, were also from the Brachiopod,
Crinoid Mudstone to Grainstone Lithofacies.

The sea floor at this time

has been interpreted to have had little relief in Saskatchewan (Wardlaw
and Reinson, 1971) and it appears that it was similar throughout
Manitoba and North Dakota.
Such a development on shelves of widespread, thin, carbonate, rock
units of fairly uniform lithofacies and biofacies (Fig. 42A), as seen
in the rocks deposited during the First Episode of deposition, is
thought to represent slow sedimentation (Wilson, 1975).

This sediment

accumulated beneath waters deep enough for open circulation where not
much progradation of shallow water carbonate lithofacies took place.
There was a relatively constant, moderate, sea-level rise or subsidence
at this time.

However, these conditions were not to persist into the

Second Episode of deposition.

Second Episode
Depositional history
During the Second Episode, transgression of the craton reached its
farthest extent.

Beds deposited at this time, as indicated by

mechanical well logs, overlie the beds from the First Episode in the
center of the basin.

T

Figure 13B shows the geographic extent of the
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rocks deposited during the Second Episode, and Figure 13D shows the
part of the logs in different areas of the Basin that corresponds to
these beds.
Several reasons for the change from a uniform, carbonate platform
to a differentiated basin are discussed by Williams (1984); but
seemingly the best mechanism to cause such a change is a eustatic pulse
that involved initial, rapid, deepening followed by continued deepening
at a lesser rate (Johnson and others, 1985).

Prior to this rapid

deepening, there may have been a temporary slowing in the rate of
subsidence that allowed a moderate shallowing of the sea and that, in
turn, was an important factor in initiating reef growth.

Nevertheless,

at this time, the entire Elk Point Basin became differentiated into
peripheral, shallow shelves and a central, deep basin with isolated
pinnacle reefs (Fig. 40B).

Figure 42B illustrates the distribution of

basin-to-shelf environments of deposition in North Dakota.
Much of North Dakota was already below wave base as indicated by
the uniform depositional environment seen in the First Episode.
However, areas nearer the edges of the basin and isolated sites within
the basin were above, at, or near wave base.

In these areas, carbonate

production was greater than in areas nearby below wave base.

Because

carbonate production in these areas was able to keep pace with the
rapid deepening, a shallow, marine environment continued.

Thereby,

over a period of time, shelves and pinnacle reefs formed.

The eastern

shelf margin may have had a backstepped rim with downslope pinnacles
and patch reefs at the margin, after the carbonate-platform facies
models of Read (1985).
In the Devonian, stromatoporoids, corals, crustose red algae,
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algal mats and Renalcis were potentially binding organisms.

In the

Winnipegosis Formation, tabulate and colonial rugosan corals are the
first organisms to colonize the substrate.
appear to colonize mud.

Dendroid stromatoporoids

The depth at which the corals and the

stromatoporoid growth forms developed in the Winnipegosis Formation is
interpreted to have been similar to that suggested for other Devonian
reefs in Canada (Klovan, 1974), from deep to shallow water (Fig. 27):
(1) a coral community that grew in a quiet water environment, in depths
probably greater than 24 metres (80 ft); (2) a tabular stromatoporoid
community adapted to semirough water conditions, in depths probably
between 9 and 24 metres (30 and 80 ft); and (3) a domal and encrusting
stromatoporoid community adapted to a turbulent water environment, in
depths probably from Oto 9 metres (Oto 30 ft).
Several authors (e.g., Alberstadt and Walker, 1973; James, 1979)
have developed and refined a four-stage model for the succession of
biofacies seen in reefs in response to a shallowing-upward sequence.
As this model is applied to the Winnipegosis, the stabilization stage
first prepared the substratum for reef growth by the development of
skeletal banks or proto-reefs that were colonized by pelmatozoans (Fig.
43A).

Once colonization occurred, other benthic organisms and

reef-building metazoans (second stage) grew between the stabilizers
(James and MacIntyre, 1985).

Only one well with core (NDGS Well No.

6535) in North Dakota penetrated the contact between the shallow-shelf
environment and the reef environment.

Although there are crinoids in

the underlying Brachiopod, Crinoid Mudstone to Grainstone Lithofacies,
there is no indication of extensive pelmatozoan colonization at this
locality.

In fact, the rocks under the pinnacle reef appear identical
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Figure 43
Progression of the development of pinnacle reefs and basinal sediments
during the Second Episode.
A.

Proto-reefs developed as skeletal banks in shallower water than
the surrounding shallow shelf, as· represented by the Brachiopod,
Crinoid Mudstone to Grainstone Lithofacies.

B.

As sea level rose, the pinnacle reef began to develop while the
Brachiopod, Crinoid Mudstone to Grainstone Lithofacies still formed
in off-reef areas.

C.

As sea level continued to rise, the water depth increased in the
basin, but the Brachiopod, Crinoid Mudstone to Grainstone
Lithofacies was still forming.

D.

Eventually, the water depth increased in the basin to such a point
that the bottom waters became dysaerobic and in situ carbonate
production essentially ceased.

E.

As sea level continued to rise, the dysaerobic-water layer
increased in thickness, and the Laminated Mudstone Lithofacies was
deposited.

F.

As the pinnacle reef continued to grow in normal marine waters, the
Laminated Mudstone Lithofacies was deposited in the deep inter-reef
basin.

NOTE: '!he thickness of basinal sediments is exaggerated in comparison
with the thickness of reef sediments and the depth of water in the
basin. No scale is intended.
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to rocks under the deep-basin lithology (NDGS Well No. 6684, the only
well with core to penetrate this contact in the deep basin).

However,

because the pinnacle reef core was from a well that penetrated the reef
lagoon, not the reef rim, it is p_ossible that crinoids could have
colonized a skeletal bank in reef-rim locations nearby.
Organisms, which have the potential to form ecologic reefs
(Dunham, 1970), are represented in the Winnipegosis Formation in North
Dakota.

However, their presence does not necessarily indicate the

development of an ecologic reef.

These organisms occur in both

biostromes and reefs; both structures can be found at the shelf margin
and on the shelves.

Tabular stromatoporoids and isolated domal

stromatoporoids are found commonly in rocks with mudstone and
wackestone textures where they form biostromes (Fig. 44A).
The cores from the shelf-margin wells are the most altered.

They

are composed almost entirely of the Porous Dolostone Lithofacies.
Other localities along the shelf margin had extensive development of
the shallow-shelf environment.

However, some localities along the

shelf margin had the development of isolated patch reefs (Fig. 44B)
rather than a continuous fringing reef (Fig. 16, 44C).

The reef flat

from modern patch reefs has a local development (Jordan, 1973).
same is true of North Dakotan patch reefs.

The

The Stromatoporoid,

Tabulate Coral Boundstone Lithofacies_is present in a well-preserved
patch reef on the shelf (NDGS Well No. 5280).

Bulbous and

hemispherical stromatoporoids commonly are found surrounded by
sand-sized sediment (packstones and ?boundstones), whereas elsewhere
encrusting stromatoporoids (boundstones) are dominant.

This situation

seems comparable to the modern reef in St. Croix, Virgin Islands

T
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Figure 44
Relationship of lithofacies at shelf margins in the Winnipegosis
Formation and relationship of lithofacies that make up a modern,
mature, fringing reef complex.
A.

In some localities, thin biostromes developed within the Coral,
Stromatoporoid Packstone Lithofacies. This lithofacies overlies
the Brachiopod, Crinoid Mudstone to Grainstone Lithofacies and
underlies the Peloid Packstone Lithofacies.

B.

In other localities, the Stromatoporoid, Tabulate Coral
Boundstone Lithofacies developed at the shelf margin. It overlies
the Coral, Stromatoporoid Packstone Lithofacies and may interfinger
with the Codiacean Algae, Calcisphere Packstone and the Red Algae
Packstone Lithofacies.

C.

Idealized block diagram illustrating the relationship of
lithofacies that make up a modern, mature, fringing reef complex.
The reef framework and possibly the reef crest are the only parts
that could be classified as an ecologic reef.

l
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(Gerhard and Burke, 1986) where the reef crest exhibited active
construction and sediment binding in the intertidal zone, but below low
tide the reef surface was covered by isolated coral heads separated by
carbonate sand.

Stromatoporoid heads may act as sediment baffles with

deposition of sand grains in current "shadows" behind heads.
Therefore, the intervals in the Winnipegosis patch reef that contain
abundant sand-sized particles probably accumulated below low tide.

In

addition, there has been early submarine cement precipitated within
intraparticle pores of the patch reef that probably produced early
lithification of the sediment as well.

Therefore, patch reefs appear

to be stratigraphic reefs (Dunham, 1970) formed, at least in part, by
organic as well as inorganic binding of sediment.
There is a difference in the fauna and flora in Middle and Late
Devonian shelf lagoons of Canada and what was found in North Dakota.
In Canada, the dendroid stromatoporoid, Amphipora, appears to have
been ubiquitous and abundant in rocks both of shelf and atoll lagoons.
The dasycladacean alga, Vermiporella, occurs commonly in minor
amounts, whereas, the codiacean algae, Litanaia and Lanicula, are
present only in minor amounts in a few lagoons.

However, in North

Dakota, Amphipora is rare in rocks of the shelf lagoons, but rocks of
the pinnacle-reef lagoons contain abundant Litanaia.

Apparently the

ecological niche usually filled by branching stromatoporoids or
dasycladacean algae in Canada was filled by branching codiacean algae
in North Dakota.
The shelves appear to be open-marine "lagoons" with the
development of isolated patch reefs (NDGS Well No. 5280) far from the
shelf margin.

T

There was an upward sequence of biofacies on the shelves
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that began with the colonization of tabulate and colonial-rugosan
corals, followed by colonization of tabular stromatoporoids and then
domal (hemispherical, bulbous, and irregular) and rare encrusting
stromatoporoids.

In this manner, thin biostromes (Fig. 44B) also

developed upon the shelf.

The shelves, once beyond the shelf margin,

appear to have had a gradual, possibly undulating slope (Fig. 16), seen
as semi-parallel thicks and thins, for an upper surface.

Some of the

swells may represent groups of tidal bars, eolian ridges, or platforminterior, sand blankets (Ball, 1967).

In general, there is a lack of

grainstone textures in the Winnipegosis Formation in North Dakota; this
may be due, in part, to the limited number of cores from strandline
positions, to the micritization of skeletal sands, or to the
development of reefs in those areas where the proper hydrodynamic
conditions prevailed to have formed grainstones.
Pinnacle reefs developed in the inter-reef basin and on the slope.
The term "pinnacle reef" is defined from modern examples as "small,
isolated spires or columns of rock or coral, either slightly submerged
or awash, ••• with slopes ranging from 45 degrees to nearly vertical"
(Bates and Jackson, 1980).

The term has also been applied to reefs in

the Michigan Basin which, although they are geographically small, are
thick and have slopes rarely exceeding 15 degrees (Bates and Jackson,
1980).

These pinnacle reefs are thought to be too small (1.2 km in

diameter) to permit the development of lagoons at the crests (Huh and
others, 1977).

However, Michigan basin "pinnacle reefs" might better

be considered mounds rather than true pinnacles, because of the low
angle of slope.
Pinnacle reefs in the Elk Point Basin (Keg River Formation; Black

T
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Creek subbasin) developed a variety of sizes and shapes (Barss and
others, 1970).

There were small and large pinnacle reefs that did not

develop a central lagoon or back-reef and larger atoll reefs that did
form a lagoon.

Some of the atoll reefs developed a convex form as a

result of high wave energy produced by winds from the north-northeast.
The final form and dimensions of the small and large pinnacle and atoll
reefs were dependent upon several factors that include the size of the
mud mound or group of mounds on which the reef initiated, the rate of
subsidence (Hriskevich, 1970), and the amount of agitation in which the
reef grew.
According to seismic lines (personal communication, W. J., Guy,
1982, geologist, Kirkwood Oil and Gas Company, Casper, Wyoming) over
NDGS Well No. 6535, this pinnacle reef was oval in plan view and was
approximately 0.8 kilometre (0.5 mi) long by 1.2 kilometre (0.75 mi)
wide.

The reef was 76 metres (250 ft) thick, as determined from core

study.

In comparison with such structures in the Keg River Formation

in Canada (Table 9), which contain both pinnacle and atoll reef
geometries, the North Dakotan structures are most similar in size to
the small pinnacle reefs.

However, based upon core study, a central

lagoon or atoll form did develop in the North Dakota structures.

For

simplicity, the North Dakota structures are termed pinnacle reefs.
Dunham (1970) used the term "ecologic reef" for the structure
formed by actively building and sediment-binding organisms that erect a
rigid, wave-resistant, topographic structure.

However, inorganic

binding also occurs where cementation pervasively binds all grains in
place.

The difference between these two situations can be determined

by examining talus.

T

Organic binding has pockets where uncemented sand

244
TABLE 9
PINNACLE AND ATOLL REEF SHAPES, DIAMETERS, AND TIUCKNESSES
Description

Plan View

Diameter

Thickness

small pinnacle reefs

circular

1.6 km (1 mi)

244 m (800 ft)

large pinnacle reefs

circular
to elongate

2.5 km (1.5 mi)

229 m (750 ft)

small atoll or
crescent-atoll

crescent with
reef rim on NE

3.3 km (2 mi) by
1.6 km (1 mi)

large atoll reefs

oval with rim
and lagoon

6.6 km (4 mi) by
4.1 km (2.5 mi)

244 m (800 ft)

(Langton and Chin, 1968a)

grains have fallen out during transport, but cementation binds all sand
grains in place where they remain following transport.

Dunham used the

term "stratigraphic reef" for structures which are bound to a greater
or lesser degree during their growth by organic binding or inorganic
cementation, or both.

However, the term "stratigraphic reef" has come

to have a slightly different connotation.

The term is also used for a

thick, laterally restricted mass of carbonate rock, often composed of
several superimposed bioherms which individually had little relief
above the surrounding sea floor (James, 1984b).

The definition of

"stratigraphic reef" by Dunham is followed in this study.
Fringing reef complexes are composed of reef limestones and
associated carbonate rocks and may be subdivided into several
lithofacies (Longman, 1981) which include: reef-framework, reef-crest,
reef-flat, back-reef, reef-slope, and proximal- and distal-talus
lithofacies (Fig. 44C).

However, an ecologic reef was not in any sense

a continuous "wall" but was a patchy, discontinuous feature that did

l
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not persist for very long in any one place (Klovan, 1974).
The reef-slope, reef-framework, reef-crest, and reef-flat
lithofacies of a modern pinnacle reef (Fig. 45A, 45B) has a narrow
width, but the back-reef, sand lithofacies covers an extensive area
(Longman, 1981).

The relative percentage of surface area covered by

each of the lithofacies is proportional to the probability of finding a
particular lithofacies in an outcrop or core: reef-framework, 10 per
cent; reef-crest, 5 per cent; reef-flat, 12 per cent; and coralgal
sand, 73 per cent (Longman, 1981, p. 33).

Carbonate buildups in the

Winnipegosis Formation in North Dakota were located by seismic methods,
with one well drilled on each anomaly.

The chance of that well

penetrating the outer, narrowly developed lithofacies is much less than
one penetrating the central, back-reef, sand lithofacies.

This,

indeed, is the case so far in North Dakota (Fig. 4SC); all but one well
has penetrated the central lagoon; the one well that does penetrate the
reef-framework has core only in the upper few feet of the lithofacies.
Thus, there is no well with core that contains talus, preventing
positive differentiation between an ecologic reef or a stratigraphic
reef in North Dakota.

However, because of alternating intervals of

early lithified and unlithified sediments seen in core, the North
Dakota pinnacle reefs are more likely stratigraphic reefs.
During formation of the Winnipegosis Formation in North Dakota, a
reef rim and a central lagoon developed.

The reef rim (reef-framework

and reef-crest environments) is represented by the Stromatoporoid,
Tabulate Coral Boundstone Lithofacies, and the central lagoon is
represented by the Codiacean Algae, Calcisphere Packstone Lithofacies.
The reef rim was not a continuous feature but was probably
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Figure 45
Lateral and vertical relationship of reef lithofacies in modern and
Winnipegosis pinnacle reefs.
A.

Relationship of lithofacies in plan view of a modern, atoll-like,
pinnacle reef, Pulau Putri Island (Longman, 1981).

B.

Idealized cross section of lithofacies in a modern, atoll-like,
pinnacle reef, Pulau Putri Island (Longman, 1981).

C.

Idealized pinnacle-reef cross section with hypothesized location
of pinnacle-reef cores from the Winnipegosis Formation in North
Dakota in relation to the idealized distribution of reef
lithofacies. Numbers represent NJX;S wells in which the
stratigraphic sequence would be explained by the suggested
location on the idealized reef.

247

A

WREEF

@

D

REEF-CREST
REEF-FLAT

fflml
WlUil

SUBMERGED
CORALGAL SAN
~ EXPOSED
~ CORALGAL SAND

1881)

A.

100m
1.....-J

A'

"II:
0

Q

z

:II:

W

C

:I ...... .,
C

CO

C

_,

CC W

-'

C

u.. IX u.. c,
I

(J

I

_,

I&.~

a,..

C

w "'

M,I

cc
"' w w 0
a:a::ccu

A

tttt

A'

ISLAND

2om-~2om
100m
(attar Longman, 1881)
L---1

PRAIRIE

#4824
#8824
#4818

B.

#38

#8535

,111h

Ep.

Regreaaion

Cl)

.
...
., .

Cl)

...

0
Cl

w

A.

C:

...

O

0

• A

zz

I

Tranagreaaion

CODIACEAN
ALGAL SAND

i

fir at
Ep.

ASHERN

C.

T

248
preferentially developed on the windward side of the reefs, as seen in
modern reefs (Stanton, 1967) and other Middle Devonian reefs in Canada
(Viau, 1983).

The prevailing wind direction in North Dakota during the

Middle Devonian was from the northeast (Heckel and Witzke, 1979).
The pinnacle reefs, both within the deep basin or on the shelf
slope, have been partially to completely dolomitized.

In the better

preserved ones, the Stromatoporoid, Tabulate Coral Boundstone
Lithofacies (NDGS Well No. 6624) or the Codiacean Algae, Calcisphere
Packstone Lithofacies (NDGS Well No. 6535) have been identified from
relict textures and porosity patterns.

Vadose diagenesis occurs at

intervals that indicate periods of exposure during reef growth,
although percolation of dolomitizing fluids through porous zones has
enhanced the amount of alteration.

In another pinnacle reef (NDGS Well

No. 6535), no direct evidence of vadose diagenesis has been recognized
but alternating layers of limestone and dolostone are found.

The

limestone intervals underwent early lithification that prohibited flow
of dolomitizing fluids through them whereas the dolostone intervals
were unlithified at the time of dolomitization.
Pinnacle reefs developed at apparently isolated sites in the basin
in North Dakota.

Different amounts of vertical movement, associated

with faulting in Precambrian rocks, as suggested by Morgan (1964),
Langton and Chin (1968a), Hriskevich (1970), Krebs and Mountjoy (1972),
or slight depositional irregularities on the sea floor may have
controlled the location at which pinnacle reefs formed.

However, the

expression in the subsurface of such irregularities appears to be too
subtle to document (Krebs and Mountjoy, 1972; Klovan, 1974).

In an

attempt to identify such irregularities in North Dakota, a series of
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structure and isopach maps (Fig. 46) of the four-county area (Renville,
Bottineau, Ward, and McHenry Counties) was constructed.

Several

different environments of deposition developed in this area of North
Dakota during the Second Episode including the deep basin with pinnacle
reefs, slope with pinnacle reefs, shallow shelf, and lagoon (Fig. 47).
However, with the log control available, there was no indication of
where each environment would develop.
The rapid rise in sea level at this time, associated with
decreased carbonate production everywhere except on "proto-reefs" (Fig.
43A), resulted in a tranquil deep-water shelf (Mcilreath and James,
1984) that became even deeper as the transgression continued (Fig. 43B,
43C); eventually the basin become so deep that carbonate production
essentially ceased (Fig. 43D, 43E, and 43F).

The change from shallow

shelf to deep shelf to deep basin was gradual but was accompanied by
minor deposition; the change from abundant carbonate production to
nonproduction in the central basin occurs in less than 0.3 metres (NDGS
Well No. 5246), and is represented by a change in lithofacies from the
Brachiopod, Crinoid Mudstone to Grainstone to the Laminated Mudstone
Lithofacies.
determined.

The water depth where these changes occurred cannot be
However, dysaerobic conditions can form in the modern

ocean where water depth exceeds 50 metres (164 ft) (Byers, 1977).
Starved-basin conditions in the Elk Point Basin are thought to have
formed when water depths exceeded at least 75 metres (Wardlaw and
Reinson, 1971).

According to core and log data, the depth of the basin

in North Dakota was approximately 91 metres (298 ft) when reef growth
ceased at the end of the Second Episode.
The onset of dysaerobic conditions corresponded with cessation of

T
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Figure 46
A series of structure maps and isopach maps of the four-county area of
Bottineau, McHenry, Ward, and Renville Counties in North Dakota.
A.

Structure contour map constructed on top of the Ashern Formation.

B.

Structure contour map constructed on the top of the rocks formed
during the First Episode of deposition of the Winnipegosis
Formation. Top of rocks interpreted from mechanical well logs.

C.

Structure contour map constructed on the top of the rocks formed
during the Second and Third Episodes of deposition of the
Winnipegosis Formation. Top of rocks interpreted from mechanical
well logs.

D.

Isopach map constructed of the rocks formed during the First
Episode of deposition of the Winnipegosis Formation.

E.

Isopach map constructed of the rocks formed during the Second and
Third Episodes of deposition of the Winnipegosis Formation.

F.

Map of wells used as data points.

G.

Map of North Dakota with four-county area indicated.
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Figure 47
The general location of environments of deposition found within the
four-county area of Renville, Bottineau, Ward and McHenry Counties.
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carbonate production in the lower water stratum.

Thereafter, the fine

material that accumulated in the deep basin was, in part, carbonate mud
that settled from upper waters or mud transported from the shelves or
pinnacle reefs to the basin by turbidity currents.

Although there is

no core penetrating the section near a pinnacle reef in North Dakota,
turbidite beds from Canada have been reported to increase in thickness
and fossil content close to reefs (Kendall, 1973); therefore the time
of formation of the Laminated Mudstone Lithofacies seems to correlate
in time with growth of the reef.
The area of the shelf-to-basin slope (Fig. 14, 16) has few cores,
but appears to illustrate a variety of situations.

In some areas,

shallow-shelf conditions prevailed longer than in the nearby basin
(NDGS Well No. 5246).

In some other areas, a deep-shelf environment

became established but was replaced by a shallow-shelf environment
(NDGS Well No. 5088).

In other areas, either pinnacle reefs (NDGS Well

No. 4918, 4924) developed overlying thick shallow-shelf deposits or
subsidence of the basin in the slope areas was not as pronounced as in
the deep basin, resulting in thinner overall deposits.

The latter two

cores do not contain rocks from the First Episode nor the lower part of
the Second Episode, so the sequence cannot be determined.
The separation between the deep basin and the peripheral shelves
may have been, in part, controlled by local faulting, although there is
no direct indication of faulting at this time.

The boundary between

the Churchill and Superior provinces of the Canadian Shield (Fig. 2)
coincides generally with the edge of the eastern shelf margin both in
Manitoba (Norris and others, 1982) and in North Dakota.

The western

shelf margin coincides generally with the position of the Nesson
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anticline.

Faulting of the western flank of the Nesson anticline can

be documented from both pre- and post-Devonian times (Gerhard and
others, 1982a) and may have occurred at this time.
In North Dakota, there has been one phase of reef growth composed
of several stages that include: transgression and development of a
uniform platform (First Episode); then during the Second Episode, the
development of a stratigraphic reef (Dunham, 1970) by first, initiation
of reef growth on slight undulations on the sea floor caused by
possible faulting or current-accumulated sediment; reef growth to, or
above, wave base in agitated waters with binding by both organisms and
by early cementation; periodic exposure of the reef resulting in zones
of vadose caliche; return to reef growth; and final cessation of reef
growth, possibly due to reef growth to sea level, rapid fall in sea
level (McCamis and Griffith, 1967), or an increase in salinity (Langton
and Chin, 1968a), while other factors such as climate, water
circulation and turbidity also may be involved (Mountjoy, 1980).

There

would be subsequent carbonate sediments deposited upon the sites of
former pinnacle reefs during the Fifth Episode that would not be of
reef origin.
Toward the end of the Second Episode, the "regression" began, seen
as a shallowing-upward sequence or progradation of the lithofacies
across the shelves.

The Presqu'ile barrier-reef complex to the

northwest acted as a sill to separate the Elk Point Basin from the open
ocean (Morrow, 1973), although there may have been other barriers,
since eroded (Williams, 1984).

The regression may have been due to a

' fall of eustatic sea level, decreased subsidence, or evaporative
drawdown as the basin began to become evaporitic.

l
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Third Episode
Depositional history
The Algal (Cyanobacterial) Lithofacies formed on top of the
pinnacle reefs and in some locations on the shelf margin (Fig. 48A).
This lithofacies was deposited either during the last part of the
Second Episode, or during the Third or Fourth Episode when the top of
the reefs was exposed.
With exception of the Algal (Cyanobacterial) Lithofacies,
deposition of the Winnipegosis Formation during the Third and Fourth
Episodes was restricted to the physiographically deep, inter-reef basin
(Fig. 13C, 13D).

A series of increasingly evaporitic sediments

accumulated within this basin.

In North Dakota, the sequence of

lithofacies is as follows, from bottom to top: the Laminated
Dolomudstone (lower unit), the Laminated and Stromatolite, the
Laminated Dolomudstone (upper unit), and the Laminated Anhydrite
Lithofacies, followed by salt of the Prairie Formation.

As the basin

waters became increasingly evaporitic, the water depth decreased due to
evaporative drawdown.

The lowering of sea level resulted in the

exposure of the upper part of the pinnacle reefs and shelves.

Most

workers agree that the sea level dropped sufficiently during deposition
of the Prairie Formation to expose at least part of the Winnipegosis
reef tracts (e.g., Shearman and Fuller, 1969a; Fuller and Porter,
1969b; Wardlaw and Reinson, 1971; Norris and others, 1982).

During

this exposure, a minor, fresh-water lens developed with a zone of
mixing between fresh-water, phreatic and marine-phreatic waters.

In

addition, hypersaline-marine waters in the inter-reef basin increased
in salinity; and, eventually, gypsum crystals were precipitated in

l
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Figure 48
Diagrams of lithofacies produced by regression and exposure on top of
pinnacle reefs, and at the shelf margin.
A.

The Algal (Cyanobacterial) Lithofacies was deposited upon the
pinnacle reefs and the shelf margin.

B.

A fall in sea level resulted in exposure of the pinnacle reefs and
the shelf margin. The waters in the inter-reef basin increased in
salinity due to evaporation. Eventually, gypsum crystals were
precipitated and settled to the sea floor. This process removed
calcium from the upper waters in the evaporite basin, increasing
the Mg/Ca ratio that produced a dolomitizing fluid. These
hypersaline waters penetrated the shelf-margin and pinnacle-reef
rocks where dolomitization produced the Porous Dolostone
Lithofacies.
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A.

Pinnacle reef

Shelf margin
(Not to scale)

B.

Pinnacle reef

Shelf margin
(Not to scale)

EXPLANATION:
Llthofacles-

l

Sb-1

Stromatoporold, Tabulate Coral Boundstone

Sb-3

Porous Doloatone

Sb-6

Codlacean Algae, Calclsphere Packstone

Su-2

Algal (Cyanobacterlal)

II

Prairie salt
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upper waters and settled to the sea floor (Laminated Anhydrite
Lithofacies).

This reaction removed calcium from the upper hypersaline

waters, increasing the Mg/Ca ratio and, thereby, producing a
dolomitiz~ng fluid that penetrated and replaced pinnacle-reef and
shelf-margin rocks (Fig. 48B), the "diagenetic" Porous Dolostone
Lithofacies.

It is possible that these waters, penetrating the reef

along porous zones, altered some parts of the reef more than others.

Cause of cessation of reef growth
Of the several situations that can cause the cessation of reef
growth (Williams, 1984), a shallowing event or a salinity crisis was
most likely.

With drawdown as part of evaporation of the basin, these

two conditions probably worked together.

It is unknown which occurred

first; but, most likely, sea level fell first.

A eustatic sea level

fall would have exposed the reefs in North Dakota and throughout the
entire Elk Point Basin, including the Presqu'ile barrier-reef complex.
A fall in sea level below the depth of the input passages across the
barrier would have set the stage for the restriction of the basin and
an increase in salinity due to evaporation in the arid climate.

There

is always the possibility, unlikely to be proved, that a climate change
contributed to the salinity crisis.

Timing: cessation of reef growth -- beginning of evaporite deposition
A variety of opinions have been expressed as to which lithofacies
was deposited in the inter-reef basin as the reef grew in surface
waters, or which lithofacies were deposited following the cessation of
reef growth.

T

There are two extremes possible or some combination of
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the two.

Either the reefs accumulated entirely before evaporite

deposition was initiated (e.g., Kendall, 1976) or growth of the reefs
is, in part, contemporaneous with evaporite deposition (e.g.,
Klingspor, 1969).

Both extremes have inherent assumptions.

If the

reefs accumulated entirely before evaporite deposition was initiated,
an increase in salinity or a fall in sea level, or a combination of
these, was the cause of termination of reef growth.

However, if the

growth of the reefs is, in part, contemporaneous with evaporite
deposition, then there existed a stratified solution with normal,
marine conditions in the upper layer, permitting continued reef growth
while the salinity in the lower layer was great enough to allow
precipitation of evaporite minerals (Sloss, 1969).
The evidence needed to resolve this question is the stratigraphic
relationship between the reef carbonates and evaporites.

Presently, in

the Winnipegosis Formation in North Dakota, there is no more than one
well per reef, nor any well with core that penetrates the contact
between the reef and the surrounding evaporites.

However, North Dakota

pinnacle reefs were probably similar to those in Canada.

There has

been good core control on productive pinnacle reefs (e.g., McCamis and
Griffith, 1967, Fig. 4, p. 438; Langton and Chin, 1968a, Fig. 2, p.
106; Barss and others, 1970, Fig. 17, p. 38).

From these studies, reef

detritus has been found covering all, or all but the upper 15 metres,
of the reef slope with dips as great as 25 degrees; there was no
evidence of intertonguing of reef detritus with the evaporite beds in
these wells, and the reefs stood with topographic relief above the
basin floor (Barss and others, 1970).

There also has been reported

(Davies and Ludlam, 1973) to be an overlap of laminated evaporites that
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covers the base of reef talus, indicating that the evaporites must
postdate development of the talus slope.

Therefore, it appears that

reef growth was terminated prior to deposition of evaporites in the
inter-reef basin.

Development of the evaporite basin
A physiographically deep, inter-reef basin existed at the end of
the Second Episode.

Carbonate and anhydrite laminites, deposited in

this basin, have been considered by some authors (e.g., Jones, 1965b;
Shearman and Fuller, 1969a, 1969b; Wardlaw and Reinson, 1971; Reinson
and Wardlaw, 1972; Fuzesy, 1975) to belong to the Winnipegosis and Keg
River Formations and by other authors (Davies and Ludlum, 1973) to
belong to the overlying Prairie and Muskeg Formations.

The laminites

are considered to be part of the Winnipegosis Formation in this study.
The laminites have been interpreted by various authors to be of
algal-mat origin formed in the supratidal zone (e.g., Fuller and
Porter, 1969b; Shearman and Fuller, 1969a) or by other authors to be of
deep-basin origin (Jones, 1965b; Wardlaw and Reinson, 1971; Davies and
Ludlum, 1973; Kendall, 1976).

The algal-mat origin is part of a

supratidal-to-shallow-water, deep-basin model; and the other origin is
part of a deep-water, deep-basin model (Kendall, 1984).

Individual

laminations have been matched exactly in wells about 3.2 kilometres (2
mi) apart (Wardlaw and Reinson, 1971) and visually and statistically
correlated for at least 25 kilometres (15 mi) (Davies and Ludlum,
1973), and possibly up to 190 kilometres (116 mi) (Kendall, 1976).
Therefore, due to the long distance correlation of individual
laminations, a deep-water, deep-basin model is supported for the

262
Winnipegosis Formation in Canada and is suggested for these rocks in
North Dakota.
It is interpreted that the sequence of events in North Dakota is
as follows.

The proto-reef began growth near the beginning of the

Second Episode while nearby shallow-shelf deposits continued to form.
As sea level rose, growth of pinnacle reefs continued to keep pace with
decreasing sediment production in inter-reef areas.
deep basin developed restricted conditions.

Gradually, the

With the onset of

restricted conditions, carbonate production in the basin essentially
ceased.

This circumstance may be represented by nondeposition, by

accumulation of a thin unit of nonfossiliferous but nonbedded mudstone,
but more probably is represented in North Dakota by deposition of the
Laminated Mudstone Lithofacies, which formed under dysaerobic
conditions.

Then the basin became evaporitic (Third Episode).

Reef

growth ceased and the Laminated Dolomudstone, the Laminated and
Stromatolite, and the Laminated Anhydrite Lithofacies were deposited in
the inter-reef basin.
The Laminated Mudstone Lithofacies (Fig. 43F, 49A), interpreted to
have formed . under dysaerobic conditions during the Second Episode, is
overlain by the lower unit of the Laminated Dolomudstone Lithofacies
(Fig. 49B) that also formed under dysaerobic conditions but during the
Third Episode.

The change in lithology may be entirely diagenetic

due to penetration of dolomitizing fluids to the lower mudstones, or it
may represent deposition under increased salinity~ a change of
basinal waters from dysaerobic but "normal" salinity to hypersalinity,
or a combination of the two.

If the Red Sea (Friedman, 1972) is an

equivalent situation, then the upper evaporitic waters may have been

T
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Figure 49
Progression of the development of evaporite-basinal sediments that
filled the inter-reef basin during the Third and Fourth Episodes.
A.

Deposition of the Laminated Mudstone Lithofacies under dysaerobic
conditions during the Second Episode of deposition.

B.

Deposition of the Laminated Dolomudstone Lithofacies (lower unit)
during the Third Episode of deposition.

C.

Deposition of the Laminated and Stromatolite Lithofacies during
the Third Episode of deposition.

D.

Previous environmental conditions (as in B, above) returned to
allow deposition of additional Laminated Dolomudstone Lithofacies
(upper unit) during the Third Episode of deposition.

E.

Deposition of the Laminated Anhydrite Lithofacies with an increase
in salinity during the Third Episode of deposition.

F.

Deposition of halite of the Prairie Formation with additional
increase in salinity during the Fourth Episode of deposition.

G.

Additional deposition of Prairie salt in the inter-reef basin
during the Fourth Episode of deposition.

H.

Continued deposition of Prairie salt in the inter-reef basin
during the Fourth Episode of deposition.

I.

Complete filling of the inter-reef basin with halite up to
the level of the top of the pinnacle reefs during the Fourth
Episode of deposition.

T
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even more saline than the sediments indicate because of reabsorption of
evaporite crystals as they sank to the bottom through less saline
waters.

This situation would have persisted until the bottom waters

were saturated with respect to the evaporite crystals forming in the
upper waters, at which time, evaporites would be able to accumulate on
the basin floor.
The Laminated and Stromatolite Lithofacies (Fig. 49C) overlies the
lower unit and underlies the upper unit of the Laminated Dolomudstone
Lithofacies.

Much of the laminated character of the Laminated and

Stromatolite Lithofacies is similar to that appearing both below and
above and is interpreted to have formed in the same manner.

However,

there are intervals within this lithofacies that contain undulating,
and rare laterally-linked, hemispherical stromatolites.
is either calcite or dolomite.

The mineralogy

The change in mineralogy seen in this

lithofacies may be due to diagenesis, to a shallowing of the water
depth, or to a freshening of the water mass.

The growth of subaqueous

algal mats supports both of the latter two possibilities.
Nevertheless, the previous conditions in the evaporite basin returned
and the upper unit of the Laminated Dolomudstone Lithofacies (Fig. 49D)
was deposited.
The Laminated Anhydrite Lithofacies (Fig. 49E) overlies the upper
unit of the the Laminated Dolomudstone Lithofacies.

An abrupt change

to anhydrite deposition would suggest a climatic change or the
development of a continuous barrier separating the basin from the open
ocean (King, 1973).

However, the contact between lithofacies is

gradational and the transition is composed of interbedded laminated
dolomudstone and laminated anhydrite.

l

In this transition zone, the
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anhydrite formed as small, individual nodules within a dolomudstone
lamina.

In overlying laminae, the nodules coalesced as they grew in

size, until a complete lamina of anhydrite was formed.

In general, the

number of anhydrite laminae and the thickness of each increases upward.
The anhydrite laminae tend to become distorted upward, commonly forming
enterolithic structures.

Above the transition with the Laminated

Dolomudstone Lithofacies, the anhydrite shows a bedded character, with
remnants of dolomudstone appearing between, and stringers of
dolomudstone within, the beds.
changes to bedded mosaic.

Upward, the character of the anhydrite

As evaporation continued, the upper waters

became saturated with respect to gypsum which then crystallized and
settled (Friedman, 1972).

However, the lower waters were not saturated

and the crystals dissolved before they reached the bottom.

The

dissolution of these gypsum crystals, in turn, increased the saturation
of gypsum in these waters.

As time went by, the crystals that were

forming at the surface due to continued evaporation settled further
down in the water mass before being dissolved.

The concentration

continued to increase downward until such time as the entire water mass
was saturated and then the crystals began to accumulate upon the sea
floor.

In addition to simple concentrations of gypsum in the waters,

sulfate underwent postdepositional degradation by sulfate reduction
(Dean and others, 1975).

Only when sulfate precipitation was too fast

to counteract degradation did gypsum accumulate on the sea floor,
forming the bedded anhydrite.
The anhydrite in the transition and bedded zones is interpreted as
a replacement product that formed within the dolomudstone.

It is

possible that the entire lithofacies is of a replacement origin, or the

1
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upper part of the lithofacies (bedded mosaic) may be, in whole or in
part, of precipitational origin.

In either case, the formation of the

Laminated Anhydrite Lithofacies indicates that the basin waters were
becoming more saline.

This is supported by the fact that this

lithofacies is overlain by halite.
As evaporite conditions continued, the tops of the Winnipegosis or
Keg River reefs were exposed (Fig. 48B, 49B to 49H).

The amount of

sea-level fall or evaporite drawdown called for depends upon the
interpretation of water depth in the basin.

On one hand, those authors

who thought that the evaporites formed under supratidal conditions
claimed a substantial sea level drop exposing the bottom of the basin
(Fuller and Pollock, 1972; Machielse, 1972).

On the other hand, those

authors who thought that the evaporites formed in a deep basin allowed
a limited amount of sea level lowering (Wardlaw and Reinson, 1971), and
those authors calling for evaporative drawdown (e.g., Maiklem, 1971)
considered that the water level dropped at least 30 metres (100 ft)
soon after termination of reef development.

Therefore, it is suggested

for the Winnipegosis Formation in North Dakota that, due to the
increased salinity of the basinal waters necessary to form gypsum/
anhydrite, the water must have undergone substantial concentration by
evaporation.

A substantial decrease in water depth is reasonable.

This resulted in exposure of the upper part of the reefs, possibly as
much as 30 metres.

Essentially, the reefs would be islands with minor

fresh-water lenses developing at times of adequate rainfall (Maiklem,
1971).

The surrounding hypersaline brine in the inter-reef basin would

have become a dolomitizing fluid following precipitation of gypsum.
Dolomitization of the pinnacle-reef and shelf-margin rocks occurred at
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this time (Fig. 48B).

The regression that began during the latter part

of the Second Episode continued during the Third Episode.

Fourth Episode
During the Fourth Episode, the first Prairie sediments were
deposited.

These were salts that essentially filled the deep, inter-

reef basin (Fig. 49F to 49!, and 50A) to the top of the Winnipegosis
reefs.

This halite has been called the lower Prairie member (Carlson

and Anderson, 1965).

The upward change from anhydrite to salt

deposition occurs over the distance of 0.3 metres (one ft) (NDGS Well
No. 5088) or less (NDGS Well No. 2800) in North Dakota.

The entire

water mass was hypersaline, caused both by restriction of the Elk Point
Basin by the Presqu'ile barrier-reef complex and by evaporation of
surface waters in an arid climate.

Although this interval is entirely

halite in North Dakota, alternating anhydrite and halite layers,
interpreted to be seasonal, have been reported from Saskatchewan
(Wardlaw and Schwerdtner, 1966).
have been recorded in Canada.

Chevron-shaped crystals of halite

These crystals have been interpreted to

indicate primary crystal growth in a shallow, subaqueous environment
(Kendall, 1984).
Schmalz (1969) estimated subsidence and depositional rates for the
Elk Point Basin.

Assuming a uniform rate of subsidence of 0.1 mm/yr,

and accumulation rates for carbonates on the order of 0.01 - 0.1 mm/yr,
and accumulation rates for evaporites of 10 to 200 mm/yr, the basinal
carbonate sediments were deposited in about 1.4 million years, and the
inter-reef basin would have filled to sea level with evaporites in
approximately 16,500 years.

r

On the basis of paleontology, the complete
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Figure 50
Sequence of events that produced the sediments of the Fifth and Sixth
Episodes.
A.

By the beginning of the Fifth Episode, the inter-reef basin was
filled with salt up to the level of the top of the pinnacle reefs.

B.

There was deposition of some unit consisting of salt or carbonate
on top of the pinnacle reefs and at the shelf margin during the
Fifth Episode.

C.

Deposition of the carbonates of the Dark, Mottled Dolomudstone
Lithofacies followed on the entire shelf and on sites overlying
former pinnacle reefs with salt deposited in off-reef areas during
the Fifth Episode.

D.

There was dissolution of the first unit of salt or carbonate that
produced a collapse breccia at the shelf margin and on sites
overlying former pinnacle reefs during the Fifth Episode. The
Dark, Mottled Dolomudstone Lithofacies is brecciated in these areas
but is undisturbed on the rest of the shelf.

E.

There was deposition of the Hematite Dolomudstone Lithofacies
("hematite" unit) only on sites overlying former pinnacle reefs.
Salt was deposited in off-reef areas and possibly also on the
shelf during the Fifth Episode.

F.

Salt, with potash intervals, was deposited filling the rest of the
basin during the Sixth Episode of deposition.
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filling of the Elk Point Basin took place during a fraction of a
conodont zone, possibly in as little as S00,000 years (Kendall, 1984).

Fifth Episode
By the beginning of the Fifth Episode, the inter-reef basin was
filled with salt (Fig. 49!, SOA) up to the top of the pinnacle reefs.
Early in this episode, there was discontinuous lateral deposition of
salt or carbonates (Fig. SOB) on sites over former pinnacle reefs and
shelf margins.

Then, coastal sabkhas (Fig. SOC) developed over and

around emergent islands (dormant Winnipegosis reefs and the shelves) in
North Dakota and Canada (McCamis and Griffith, 1967; Machielse, 1972;
Kendall, 1976, 1979).

Therefore, the upper part of the "pinnacle

reefs" and shelves are younger than the inter-reef laminated
dolomudstone and anhydrite and halite, indicating two major phases of
bank development (Wardlaw and Reinson, 1971).
Prairie salt decreases in thickness rapidly along the present salt
edge in Manitoba (Norris and others, 1982) and North Dakota (Gerhard
and others, 1982a).

Salt collapse is thought to have occurred after

Souris River (Upper Devonian) deposition on the basis of local
thickening of overlying units at least through the Mississippian and
probably also Jurassic and Cretaceous (Anderson and Hunt, 1964).

The

position of the salt edge coincides with aeromagnetic and gravity
anomalies which indicate the boundary between the Churchill and
Superior provinces of the Canadian Shield (Norris and others, 1982).
Salt removal has been postulated (Anderson and Hunt, 1964) as the cause
of brecciated beds located near the zero line of Prairie salt.
discovery in North Dakota (this study) of brecciated beds (Dark,

T

The

272

Mottled Dolomudstone Lithofacies), developed on sites over former
pinnacle reefs and under Prairie salt, complicates this picture.
Assuming that all the rocks assigned to the Dark, Mottled Dolomudstone
Lithofacies were deposited· at the same time throughout the basin, the
following is the most probable sequence of events.

First, halite was

deposited on sites over former pinnacle reefs and shelf margin (Fig.
SOB).

Next, there was deposition of supratidal dolomudstones (Dark,

Mottled Dolomudstone Lithofacies) on coastal sabkhas that developed on
topographic highs such as on sites over former pinnacle reefs and the
entire shelf (Fig. SOC).

Then, due to dissolution of the underlying

unit, the dolomudstones overlying reefs and shelf margin were
brecciated, but dolomudstones were not disturbed over the rest of the
shelf (Fig. SOD).
Following brecciation, there was deposition on the coastal sabkhas
that developed on sites overlying former pinnacle reefs of more
dolomudstones (Hematite Dolomudstone Lithofacies), with salt deposition
laterally (Fig. SOE).

Sixth Episode
During the Sixth Episode, the remainder of the Elk Point Basin
(Fig. SOF) was filled with halite.

This has been called the upper

member of the Prairie Formation (Carlson and Anderson, 1965).

This

upper unit is composed of three major successive cycles of regression
with numerous minor pulses; each pulse represents deposition that
fluctuated from halite to sylvite, commonly ending with a small hiatus
expressed as a fine clay lamina (Klingspor, 1966).

The major

regressive cycles are represented by potash intervals composed of

r

273
sylvite or carnallite that extend over much of the basin (Klingspor,
1969).

These evaporites have been interpreted to be of a very shallow

subaqueous or sabkha origin (Bebout and Maiklem, 1973b).

Following

deposition of the salts, there probably was complete withdrawal of the
Devonian seas with erosion of the upper part of the Prairie.

The

"Second Red Bed" has been interpreted by some (personal communication,
Anderson, S. B., 1980, North Dakota Geological Survey) to be the result
of this erosion, or it may be red dolomudstones deposited on a coastal
sabkha as the Dawson Bay transgression began.

T

DIAGENESIS

Introduction and terminology
Stages of porosity development defined by Choquette and Pray
(1970) also can be used as stages of diagenesis.

These stages of

diagenesis are defined as follows: (1) a syndepositional stage includes
any alteration of the sediment from the time it is deposited until it
is buried to such an extent that surface activities and processes cease
to affect the sediment, (2) an eogenetic stage includes any processes
that take place during early burial of the sediment, (3) a mesogenetic
stage includes any alterations that occur with deep burial of the rock,
and (4) a telogenetic stage includes any changes that occur when the
rock is exposed to surface erosional processes.
Several diagenetic periods have been identified for the
Winnipegosis Formation.

These events include the following: (1) a

syndepositional stage during the First, Second, and Third Episodes
(syndepositional 1 stage), (2) early shallow burial of pinnacle reefs
and shelves by overlying Winnipegosis sediments during the First and
Second Episodes and, in the inter-reef basin, during the Third Episode
(eogenetic 1 stage), (3) exposure of pinnacle reefs and shelf margin
during the Third and Fourth Episodes (telogenetic stage), (4) renewed
deposition over pinnacle reef sites and the shelves during the Fifth
Episode (syndepositional 2 stage), (S) shallow burial of the new
sediments (eogenetic 2 stage), and (6) deep burial of all Winnipegosis
rocks (mesogenetic stage).

A second stage of telogenetic diagenesis

274

l

275
probably affected areas near the erosional margin of the Winnipegosis
Formation.

However, because there were no cores near the erosional

margin and no obvious evidence of telogenetic alteration of those rocks
studied, a second telogenetic stage with a return of that area to the
mesogenetic stage of diagenesis could not be identified as separate
stages from the general mesogenetic stage in this study.

The separate

stages of diagenesis have affected rocks from different areas of the
basin (Fig. 51).
The derivation of the waters which affected the sediments and
rocks are of normal and hypersaline marine, meteoric, mixed, or
interstitial origin.

The environments or zones in which the above

diagenetic stages took place are as follows: (1) the vadose zone where
both air and water occupied pores, (2) the freshwater-phreatic zone
where fresh water filled the pores, (3) the mixing zone where mixed
fresh and salt water filled the pores, (4) the marine-phreatic zone
where salt water filled the pores, and (5) the subsurface environment
tha~ extended downward below influence of the marine-phreatic zone
where interstitial water filled the pores (Fig. 52).
The types of diagenetic modifications observed to have altered
Winnipegosis sediments are discussed according to the diagenetic
processes involved.

These processes include biological diagenesis,

soft sediment deformation, cementation, dissolution and inversion,
recrystallization, compaction, fracturing, displacement, and
replacement.

Several of these processes occurred at the same time.

The mechanism(s) by which these modifications have taken place and the
time of their occurrence as represented by the stages of diagenesis
recognized for the Winnipegosis Formation are discussed as data permit.
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Figure 51
Diagrams showing areas of basin where rocks were deposited during the
episodes of deposition and areas of basin affected by each stage of
diagenesis.
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A.

ROCKS OF THE WINNIPEGOSIS FORMATION WHICH WERE DEPOSITED
DURING THE EPISODES OF DEPOSITION.

8.

ROCKS OF THE WINNIPEGOSIS FORMATION WHICH WERE AFFECTED BY
THE SYNOEPOSITIONAL 1 ANO EOGENETIC 1 STAGES OF DIAGENESIS

C.

ROCKS OF THE WINNIPEGOSIS FORMATION WHICH WERE AFFECTED BY
THE TELOGENETIC ST AGE OF DIA GENESIS ANO THE
SYNOEPOSITIONAL 2 AND EOGENETIC 2 STAGES OF DIAGENESIS

0.

ROCKS OF THE WINNIPEGOSIS FORMATION WHICH WERE AFFECTED BY
THE MESOGENETIC STAGE OF DIAGENESIS

EXPLANATION:

ii]

•m
••
r-::::::1
t.:.:.:.:.I

Gill

T

Rock a depoalted during the Flrat Eplaode •
Rock a depoalted during the Second Eplaode •
Rock• depoalted during the Third Eplaode.
Rock• depoalted during the Fifth Eplaode.
Rock• altered aoon after depoaltlon and
during ahallow burlel •
Rock• eltered during expoaure •
Rocka altered during deep burlal.
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Figure 52
Diagram illustrating relative position of diagenetic zones or
environments.
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EXPLANATION:
A-air and water In pores

(after Longman, 11180)

B- fresh water In pores
C-mlxed fresh and salt water In pores
D- salt water In pores
E- lnterstitlal water In pores
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The diagenetic modifications for each of the lithofacies, grouped
according to processes that have affected the Winnipegosis Formation,
are summarized in Table 10.

Each lithofacies was affected by several

stages of diagenesis (Table 11).

In Table 12, the diagenetic

modifications are shown according to the diagenetic stages in which
they occurred.

Biological diagenesis
Following final deposition of Winnipegosis sediments, the first
processes to affect them were biological diagenesis, which involved
important modifications in the syndepositional alteration of sediments
in most lithofacies prior to substantial burial by new sediments.

Bioturbation
Distinct burrows and general mottling (Fig. 20C) of the sediment
are found in most Winnipegosis lithofacies (Table 10).

In some cases,

the burrows and mottled areas have been preferentially dolomitized
(Fig. 53A).

The mottled areas are interpreted to have formed from

similar biologic activity and to be evidence of bioturbation (Beales,
1965) because bioturbation tends to homogenize the sediment and to mask
depositional fabrics by the elimination of sedimentary structures and
grain textures (Purdy, 1965).

Rarely, distinct burrows are rimmed by

pyrite (Fig. 53B); mottled areas tend to have a greater concentration
of pyrite than non-mottled areas.
Preferential dolomitization of burrowed areas has been identified
from other Paleozoic rocks (e.g., Kendall, 1977; Carroll, 1979).

The

preferential dolomitization in the Winnipegosis Formation is probably

l
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Table 11
SUMMARY OF WHEN LITIK>FACIES WERE AFFECTED BY DIAGENETIC STAGES
Syndepositional
l stage

Eogenetic
l stage

(First/Second/'lbird

Telogenetic
l stage

Syndepositional
2 stage
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Episodes)
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Affected by this stage of diagenesis
Possibly affected by this stage of disgenesis
Lithofacies is a result of diagenesis during this stage
Not present or not affected by this stage of diagenesis
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Lithofacies symbols and names:
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Sb-2
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Vad-2
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Figure 53
Photographs and photomicrographs of biological diagnesis, soft sediment
deformation, and short, isopachous, calcite cement.
A.

Photograph of bioturbation with vertical burrows extending downward
from a hardground. The burrows end in an area of extensive
bioturbation. The bioturbated areas have been preferentially
dolomitized (NDGS Well No. 4916-12063). Up is to the left.

B.

Photomicrograph of concentration of pyrite around and within
burrows (NDGS Well No. 6684-7511.3). Bar scale equals 2.0 mm.

C.

Photomicrograph of a bored bivalve shell; the borings are filled
with micrite cement and the shell has been inverted to equant
calcite (NDGS Well No. 793-11419.8). It was taken with polarized
light. Bar scale equals 0.5 mm.

D.

Photomicrograph of a bored brachiopod shell (NDGS Well No. 79311526.1). It was taken with polarized light. Bar scale equals
0.5 mm.

E.

Photomicrograph of soft sediment deformation (NDGS Well No. 525711149.2). Bar scale equals 2.0 mm.

F.

Photomicrograph of short, isopachous, calcite cement lining a
brachiopod shell with equant-calcite cement in the center (NDGS
Well No. 4246-10296.7). It was taken with polarized light. Bar
scale equals 0.5 mm.

G.

Photomicrograph of short, isopachous, calcite cement lining
intraparticle pores in a tabulate coral, followed in some pores by
internal sedimentation. All remaining void space was filled by
equant-calcite cement (NDGS Well No. 5280-4749.9). Bar scale
equals 0.5 mm

H.

Photomicrograph of short, isopachous, calcite cement lining
interparticle pores; remaining void space filled by equant-calcite
cement (NDGS Well No. 793-11464.5). It was taken with polarized
light. Bar scale equals 0.5 mm. Up is to the left.
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due to an increase in porosity in bioturbated areas in comparison with
nonbioturbated sediment.

Such an increase in porosity would allow

dolomitizing fluids to penetrate the interconnected burrows but not the
nonburrowed rock.

Pyrite formation preferentially within burrow fills

is thought to be due to the decomposition of organic matter in the
burrows creating a reducing microenvironment that favored the
precipitation of pyrite (Thomsen and Vorren, 1984).

Boring
Direct boring by macroscopic organisms can occur both on
previously lithified sediment or on fossil grains.

Bored hardgrounds,

partially filled with sediment from above, were rare.

Bored grains

have been identified from a few lithofacies from the Winnipegosis
Formation (Table 10).

Borings appear as micrite-filled tubes (Fig.

53C) or as a hole in a shell (Fig. 53D).

Fecal pellets
Fecal pellets occur abundantly in the Peloid Packstone Lithofacies
and rarely in several other lithofacies (Table 10).

In modern

sediments, pellets are approximately the same size, generally less than
one millimetre in diameter, are generally subspherical to ellipsoidal
in shape and are composed of clay-sized carbonate materal.

The pellets

were deposited as fecal material by sediment-ingesting organisms moving
through the sediment.

Pellets must be partially cemented (Steinen,

1979) prior to burial in order to prevent their compaction so that they
can be distinguished from mud matrix.

Peloidal grains that conform to

these size and shape requirements in the Winnipegosis Formation are

T
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interpreted to have been of fecal origin.

Grain micritization and micrite rims
Peloids are grains that resemble pellets but are of uncertain, and
probably of diverse, origins.

Peloids are rare to common in most

lithofacies within the Winnipegosis (Table 10).

Non-fecal peloids

found in the Winnipegosis tend to be larger in size than the pellets
previously discussed and usually subangular or irregular in shape (Fig.

24D).
Most of the peloids probably were produced by the complete
micritization of skeletal grains, a gradual process.

On one end of the

continuum was an unaltered shell and on the other end was a completely
micritized grain.

Micrite-rimmed skeletal grains occurred as an

intermediate product.

The micritization process occurred as follows.

Microscopic endolithic algae, fungi, and bacteria bore into the
periphery of a skeletal grain.

Upon death and decomposition of the

boring organism, the tube was filled with micrite.

With additional

boring, new tubes crossed older ones, until eventually the entire outer
rim of the grain was micritized.

In some cases, the boring-

micritization process continued until the entire skeletal grain was
micritized, forming a peloid.
When a micrite rim formed around an aragonite allochem, the outer
shape of the grain was preserved by the micrite rim (Fig. SSG) during
inversion of the aragonite to calcite.

This occurred commonly in

mollusk grains in the Winnipegosis Formation.

T
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Soft-sediment Deformation
There are two types of soft-sediment deformation in the
Winnipegosis Formation.

The first was caused by gravity and the second

by growth of evaporite minerals within the plastic sediment.

Soft-

sediment deformation due to the formation of evaporite minerals within
the sediment is discussed under displacive anhydrite, later in this
chapter.

Only one example of gravity deformation has been identified

from the Winnipegosis Formation in North Dakota (Fig. 53E) where a
fine-grained, laminated, tidal-flat sediment has been deformed.

This

sediment may have accumulated on the side of a tidal-flat channel.

It

appears that a semi-cohesive sediment broke apart and the pieces moved
to an en echelon stacking arrangement.

The segments may have formed

as wrinkle marks (Allen, 1985) or as mudcrack-formed intraclasts which
then underwent soft-sediment deformation by sliding downslope.

Cementation
Cements are authigenic minerals that are passively precipitated in
void spaces.

Cement, neomorphic spar, and syntaxial overgrowths are

commonly difficult to distinguish from each other.

Bathurst lists

fabric criteria for recognizing cement (1971, pp. 417-419), neomorphic
spar (pp. 484-491), or syntaxial overgrowths (pp. 491-493).
Although calcite, dolomite, anhydrite, and halite occur as cements
in Winnipegosis rocks, calcite is the most abundant cementing mineral.
Calcite cement occurs in four forms in Winnipegosis rocks: (1) short,
fibrous to bladed, isopachous, lining cement, (2) long, fibrous to
bladed, isopachous, lining cement, (3) micrite cement, and (4) voidfilling, equant cement.

r
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Short, isopachous, calcite cement
The first type of calcite cement is composed of short, fibrous to
bladed, isopachous, lining cement and is common in several lithofacies
(Table 10).

Fibrous cement has a length/width ratio greater than 6:1;

bladed cement has a ratio between 6:1 and 1 1/2:1 (Folk, 1965, p. 25).
Rinds of isopachous cement line the insides of brachiopod shells (Fig.
53F), intraparticle pores in corals (Fig. 53G), interparticle voids
(Fig. 53F, 53G), and some fenestral fabric (Fig. 64G) in the
Winnipegosis Formation.

It is always an initial cement and commonly is

succeeded by micritic sediment (Fig. 54F, 54G), equant-calcite cement,
or a combination of sediment and cement which, in most cases, fills the
remainder of the void.
Mg-calcite contains 5 to 15 mole per cent magnesium carbonate,
whereas, calcite contains less than 5 mole per cent magnesium carbonate
(Walter, 1985).

The morphology of individual cement crystals is

thought by some (e.g., Folk, 1974) to be controlled by the magnesium
content of the interstitial waters and by the rate of crystallization.
Magnesium has no effect on the rate of crystal growth of aragonite but
has a strong retarding effect on calcite (Berner, 1975) by poisoning
the sideward growth of crystals.

Therefore, aragonite or Mg-calcite

forms instead of calcite (Folk, 1974) where magnesium concentrations
are high, such as in normal-marine or hypersaline environments (e.g.,
Pratt, 1979; Marshall, 1983) or in a sabkha environment (e.g., Ferguson
and others, 1982).

The morphology of individual cement crystals is

thought by others (e.g., Givens and Wilkinson, 1985) to be controlled
by the carbonate ion concentration which is governed by the rate of
fluid flow.

1

Therefore, the original mineralogy of the cement can not
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be absolutely inferred from the crystal morphology of the cement.

The

mineralogy of the cement is not substrate controlled (Morse and Mucci,
1984).
When the void is totally filled with water, cement grows uniformly
on all void surfaces, producing an isopachous rind.

Isopachous cement

forms slightly below the sediment/water interface in sediments
deposited in the lower-intertidal to subtidal environment (Scholle,
1978).

Marine water provides the calcium carbonate, but if cement is

to continue to grow, either water must be pumped through, or calcium
and carbonate ions must diffuse into, the pore space (Matthews, 1974).
Pumping of marine waters through sediment can occur in areas of high
agitation or low rates of sedimentation, both of which are lithofacies
controlled (Lighty, 1985).

Inducements of marine cementation include

loss of carbon dioxide due to tidal pumping (Hanor, 1978), production
of carbon dioxide by the decay of organic matter (Macintyre and others,
1971), and an increase in pH due to photosynthesis and respiration
(Friedman and others, 1974; Friedman, 1975).

Precipitation of

isopachous cements will cease to occur when the rock is buried to such
a depth that the rock comes into contact with the subsurface, reducing
fluids (Harris and others, 1985).
Winnipegosis patch-reef and shallow-shelf rocks and some tidalflat rocks were affected by this type of cement in Canada (Schmidt,
1971; Schmidt and others, 1980) and in North Dakota.

Aragonite cement

has been found within modern, patch-reef cavities (Hoskin, 1966).
Longman (1981) thought that isolated pinnacle and patch reefs were
vulnerable to marine cementation in agitated parts of the reefs.

The

isopachous, calcite cement in the fenestral-fabric voids of the tidal
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flat is probably due to the removal of magnesium by syndepositional
dolomitization of the tidal-flat sediments.

The result of such

dolomitization would be waters, which could then precipitate calcite
cement.

Isopachous cements in the Winnipegosis Formation are

interpreted to have formed in the marine-phreatic zone during the
syndepositional 1 stage of diagenesis and to cease forming early in the
eogenetic 1 stage of diagenesis (Tables 11 and 12).

Long, isopachous, calcite cement
The second type of calcite cement is long, fibrous to bladed,
isopachous cement that is found lining vug-channels in the Reef
Environment (Table 10) (Fig. 54A to 54E).

Some of the smaller vugs are

completely filled with this cement (Fig. 66A), but larger vugs are only
lined (Fig. 54C); the central voids remain open (Fig. 54D) or are
filled with dolomite cement.

Crystal terminations appear to be

rhombohedral or scalenohedral (Fig. 54E).

In some cases, micrite

cement is precipitated, with a renewal of the long, isopachous, calcite
cement (Fig. 54G).

This cement has undergone recrystallization.

The interpretation of the isopachous growth habit for this cement
is as above, a marine-phreatic zone, soon after deposition of the
sediment.

The vug-channels appear to divide and to penetrate the

entire sediment.

This would have resulted in not only good porosity,

but also in good permeability for the transit of large volumes of
water.

Because of the large size of the vug-channels, they would have

remained open for a long time and, indeed, some are still open.

For

these reasons, the precipitation of isopachous cement continued for
some time, and grew longer crystals than in other situations.

T
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Figure 54
Photographs and photomicrographs of long, isopachous, calcite cement
and of micrite-calcite cement.
A.

Photograph of partially to completely filled (long, isopachous,
calcite cement), horizontally oriented vug-channels (NDGS Well
No. 6535-6568/69).

B.

Photograph of vug-channel porosity lined with long, isopachous,
calcite cement. Sample is dolomitized (NDGS Well No. 6535- 6609).

C.

Photomicrograph of partially filled vug-channels; lined with long,
isopachous, calcite cement. Smaller parts of the pore system are
completely filled but larger parts remain open (NDGS Well No. 65356726.9). Bar scale equals 1.0 mm.

D.

Photomicrograph of long, isopachous, calcite cement lining vugchannel pore (NDGS Well No. 6535-6641.0). Bar scale equals 0.5 mm.

E.

Photomicrograph of long, isopachous, calcite cement (NDGS Well
No. 6535-6711.6). It was taken with polarized light. Bar scale
equals 0.5 mm.

F.

Photomicrograph of short, isopachous, calcite cement lining
allochems. A micrite-calcite cement lines the pores next. The
center of the pores is filled with equant-calcite cement (NDGS Well
No. 5280-4711.2). Bar scale equals 0.5 mm.

G.

Photomicrograph of long, isopachous, calcite cement partially
filling a vug-channel pore, followed by a rind of mostly continuous
micrite-calcite cement, with a return to long, isopachous, calcite
cement (NDGS Well No. 5280-4711.2). It was taken with polarized
light. Bar scale equals 0.25 mm.

H.

Photograph of nodules formed by early lithification by micritecalcite cement. V-shaped fractures in the nodules are lined or
filled with short, isopachous, calcite cement (NDGS Well No. 508812181/82). Up is to the left.
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rhombohedral or scalenohedral shapes are typical of calcite cement, and
aragonite crystals have squared-off terminations (Loucks and Folk,
1976; Assereto and Folk, 1976).

With the fibrous and bladed

morphology, this cement was probably precipitated as Mg-calcite (Loucks
and Folk, 1976).
There has been much literature on the early, or syndepositional,
cementation of reefs (e.g., Land and Gareau, 1970; James and others,
1976; Macintyre and Glynn, 1976; Macintyre, 1977).

Cementation occurs

within the seaward margin of the reefs and has been reported within the
upper metre of the reef pavement (Ginsburg and Schroeder, 1973; James
and others, 1976).

Cementation is prevalent in lithofacies that were

deposited under high agitation or slow accumulation (Macintyre and
Glynn, 1976).

In areas of high agitation, water is forced through the

sediment by waves, tides or currents.

Friedman (1978a) has suggested

that biochemical reactions also might be an important factor in
submarine carbonate cementation.

These long, isopachous cements formed

in the marine-phreatic zone during the syndepositional 1 stage of
diagenesis, and ceased forming when no longer in contact with marinephreatic waters during the early part of the eogenetic 1 stage of
diagenesis (Tables 11 and 12).

Micrite-calcite cement
The third type of calcite cement is micrite cement.

Micrite

cement has been precipitated in a variety of situations in Winnipegosis
rocks (Table 10), including micritized grains, micrite rims, early
lithification of pellets, penecontemporaneous cementation of tidal-flat
sediments, hardgrounds, formation of nodules, and isopachous cement.
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All but the last three have been discussed elsewhere in this study.
Micrite cement occurs as a second, lining cement in association
with the short, isopachous, calcite cement (Fig. 54F) in the back-reef
lagoon and with the long, isopachous, calcite cement (Fig. 54G)
associated with the pinnacle-reef lagoon.

In the latter case,

additional long, isopachous, calcite cement occurs toward the center of
the pores.

Micrite cement may also occur in pores of other mudstones,

wackestones, and packstones but could not be distinguished in thin
section from micrite matrix.

Micrite cement, precipitated in the

marine-phreatic zone, has been documented to be composed of aragonite
or Mg-calcite (Harris and others, 1985) but seems to most commonly be
of Mg-calcite composition.

Micrite cement crystallizes directly within

voids and is not a product of recrystallization of an earlier carbonate
cement (Ginsberg and others, 1971).
There are hardgrounds in the Winnipegosis Formation, which were
penecontemporaneously lithified, probably with micrite cement.

In

addition, there are fractured nodules (Fig. 54H), which indicate that
they were cemented early while surrounding sediment was still soft.
Hardgrounds were identified by the boring and submarine erosion of the
substrate surface or by a well-cemented layer that decreased in amount
of cementation downward.

Early lithification of the nodular limestone

is indicated by V-shaped fractures that penetrate the nodules but do
not extend to surrounding sediment.

Early lithification of lime mud

can produce nodular limestone (Noble and Howells, 1974), especially
where clay minerals are present (Zankl, 1969).
result of subsequent compaction (Pratt, 1982a).

The fractures are the
It is interpreted that

precipitation of micrite cement occurred in the marine-phreatic zone

T

298
during the syndepositional 1 and early part of eogenetic 1 stages of
diagenesis (Tables 11 and 12).

Equant-calcite cement
The fourth type of calcite cement is equant-calcite spar; this
occurs rarely as the first, but commonly as the . second or third
generation of cement in a pore.

Equant-calcite cement has a

length/width ratio of less than 1 1/2:1 (Folk, 1965, p. 25).

Equant

cement occurs in most lithofacies (Table 10) in the Winnipegosis
Formation as the center fill of interparticle pores (Fig. 54F),
intraparticle pores (Fig. 53G), the upper part of geopetal fabrics
(Fig. SSA), and, less commonly, as the only cement in intraparticle
pores, or within molluscan molds (Fig. SSB).

Where it occurs, equant-

calcite cement completely fills the pores, and partially to completely
fills most fractures (Fig. 65D).
For the precipitation of an equant-calcite cement, the
interstitial water must be depleated in magnesium (Folk, 1974), or the
flow rate of the fluids that delivered the carbonate ion to the site of
cement precipitation must have been slow (Givens and Wilkinson, 1985).
Meteoric water and subsurface water are depleated in magnesium,
because, in the latter, most magnesium has been selectively lost at
shallower depths.

Flow rates of fluids depends upon the size of pores

and, especially, of pore throats that control permeability.
slow as cementation progresses.

Flow rates

With the absence of magnesium

poisoning and a slow rate of growth, large, equant, calcite crystals
develop.

The subsurface environment occurs below the deeper reaches of

the phreatic aquifer and is unaffected by near-surface processes; it
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Figure 55
Photomicrographs of equant-calcite, dolomite, anhydrite and halite
cements and of dissolution-inversion.
A.

Photomicrograph of equant-calcite cement that filled the remaining
void space following deposition of internal sediment; geopetal
fabric (NDGS Well No. 793-11485.7). It was taken with polarized
light. Bar scale equals 0.5 mm.

B.

Photomicrograph of equant-calcite cement, the inversion product
of a gastropod shell (NDGS Well No. 793-11485.7). It was taken
with polarized light. Bar scale equals 0.5 mm.

C.

Photomicrograph of dolomite cement filling a former mold of a
codiacean alga (NDGS Well No. 6535-6709.8). Bar scale equals
1.0 nnn.

D.

Photomicrograph of anhydrite cement in breccia porosity (NDGS Well
No. 4918-6498.0). It was taken with polarized light. Bar scale
equals 0.5 mm.

E.

Photomicrograph of anhydrite cement with crystals continuous into
surrounding matrix as replacement anhydrite. Clear crystals are
precipitated as cement and cloudy ones are formed by replacement of
matrix (NDGS Well No. 6684-7525.0). It was taken with polarized
light. Bar scale equals 0.5 mm.

F.

Photomicrograph of Y-shaped voids possibly formed by halite
displacement that are now filled with equant-calcite cement (NDGS
Well No. 5088-12173.3). Bar scale equals 2.0 mm.

G.

Photomicrograph of inversion of mollusk shells to calcite spar;
many of the shells with micrite rims (NDGS Well No. 793-11410.2).
Bar scale equals 1.0 mm.

H.

Photomicrograph of gastropod recognized by pattern of internal
sediment. Inversion occurred while sediment was not lithified so
when shell was dissolved, the void was not supported and collapsed
(NDGS Well No. 505-11156A). Bar scale equals 1.0 mm.
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extends from a few tens of metres below the surface to depths of
thousands of metres (Walls and Burrowes, 1985).

Burial diagenesis

occurs in the subsurface environment (Scholle and Halley, 1985).
general, subsurface waters are saline to brackish in content.

In

Movement

of interstitial waters, once most of the pores have been cemented and
permeability decreases, is along faults and fractures (Prezbindowski,
1985).
Equant-calcite cement has been interpreted to be precipitated in
the freshwater-phreatic zone (Steinen and Matthews, 1973; Longman,
1980; Prezbindowski, 1985), or in the mixing zone, or from interstitial
waters in the deeply buried, subsurface environment (Folk, 1974; Moore
and Druckman, 1981; Loucks and Budd, 1981).

When interstitial waters

derived from meteoric sources become saturated or supersaturated with
respect to calcium carbonate at depth, they begin to precipitate
equant-calcite crystals.

Sources of calcite for cementation include

dissolution and pressure solution; therefore, calcite cement may be
precipitated nearby (Wanless, 1979) or at some distance (Buxton and
Sibley, 1981).
The precipitation of equant-calcite cement in the Winnipegosis
Formation occurred after internal sedimentation, when no longer
affected by marine-phreatic cementation, after dissolution, and after
lithification and fracturing.

Not all equant-calcite cement was

precipitated at the same time in all lithofacies.

Therefore,

precipitation of equant-calcite cement from either the freshwaterphreatic waters or the mixing-zone waters would have taken place during
the eogenetic 1 stage of diagenesis (Tables 11 and 12), and
precipitation from interstitial waters of the subsurface environment
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would have taken place during the mesogenetic stage of diagenesis.

Dolomite cement
Dolomite cement is rare, occurring in some cases (Table 10) as a
lining cement (Fig. 66E) and as a void-filling cement (Fig. SSC) in the
Reef Environment.

It is identified by its lack of stain, in those thin

sections that were stained, and by its crystal size larger than that of
the associated matrix.
Interstitial waters containing an abundance of magnesium ions
which dolomitize the rock may also precipitate dolomite in voids.

The

source of the dolomite for cement appears to be local (Radke and
Mathis, 1980) -- either the original dolomitizing fluids that altered
the rock, or interstitial fluids that have passed through these or
overlying dolomites, dissolved them sufficiently for the waters to
become saturated or supersaturated with respect to dolomite.

Because

the dolomite cement is restricted to rocks that have been dolomitized,
either source is reasonable, or the dolomite may have been from both
sources.

Dolomite cementation in the Winnipegosis reefs occurred after

the rock was removed from the influence of marine-phreatic waters, and
either concurrently or subsequently to dolomitization of reef and
shelf-margin carbonates.

Therefore, hypersaline-phreatic or

interstitial waters acting in the subsurface environment precipitated
the dolomite cement, most likely during the telogenetic stage or during
the mesogenetic stages of diagenesis (Tables 11 and 12).

Anhydrite cement
Anhydrite cement is a rare cement that occurs as lath-shaped,
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tabular, or equant crystals.

It is found (Table 10) in solution vugs,

grainstones, breccia porosity (Fig. SSD), fenestral fabric (Fig. 64H),
and rarely as a late stage of cement in fractures.

Anhydrite cement

is distinguished from anhydrite replacement by the filling of original
voids associated with the lack of replacement of surrounding allochems
or matrix.

However, in some cases, there is also replacement by

anhydrite of matrix near the cement-filled pore; then, cement is
recognized by the lack of inclusions within the cement crystals.

These

crystals can be followed from clear to cloudy areas (Fig. SSE); the
boundary between clear and cloudy crystals indicates where anhydrite
cement becomes replacement anhydrite.
Anhydrite cementation may have taken place at two distinct times.
The first time of cementation affects the lithofacies that are overlain
by depositional anhydrites and cementation may have taken place in any
pores not otherwise filled.

Precipitation of anhydrite cement in these

situations would have been from hypersaline-phreatic waters during the
eogenetic 1 or eogenetic 2 stages of diagenesis, depending upon which
lithofacies is affected (Tables 11 and 12).
A second time of anhydrite cementation affected vugs and fractures
in a variety of lithofacies and appears to have taken place both after
dissolution, which produced the vugs, and after fracturing and partial
equant-calcite cementation.

Precipitation of anhydrite cement in these

latter situations would have been from interstitial waters that had
passed through overlying depositional anhydrites in the subsurface
environment during the mesogenetic stage of diagenesis (Tables 11 and
12).
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Halite cement
Halite cement is pervasive in filling any void not filled with any
other cement.

It occurs in vugular pores (Table 10), fractures (Fig.

65E), and in fenestral fabric (Fig. 34H, 64G).

Halite may have been

the initial cement or displacive mineral forming Y-shaped voids (Fig.
SSF); if this is the case, the halite was later dissolved and the voids
then filled with equant-calcite cement.

Halite cement may be more

extensive than recognized because drilling fluids and subsequent sample
preparation in aqueous media dissolves the salt.
Similar salt plugging of porosity has been reported from Silurian
pinnacle reefs from the northern Michigan Basin (Petta, 1980).
cement appears to be the last cement.

Halite

This halite cement must have

occurred after dissolution and after lithification and fracturing.

It

would have been precipitated from interstitial waters that passed
through the overlying Prairie salts in the subsurface environment
during the mesogenetic stage of diagenesis (Tables 11 and 12).

Sequence of cements
Using fabric relationships (Fig. 56), a partial sequence of
cements can be determined.

First, micrite cements lithified peloids,

endolithic tubes, hardgrounds, tidal-flat sediments, and possibly reef
sediments penecontemporaneously with deposition.

Second, micrite

cements lithified nodules and possibly other mud-rich sediments
concurrent with, or soon after, deposition.

Third, long and short,

isopachous, calcite cements were precipitated in shallow-shelf and reef
sediments that were exposed to waves, tides or currents.

Isopachous,

micrite cements were deposited during or after the other isopachous
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Figure 56
Diagram illustrates relationship of different cement types with each
other and with some other diagenetic processes.
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cements.

Internal sedimentation occurred after the short, isopachous

cement. Fourth, equant-calcite cement fills pores in most lithofacies,
sometimes occurring as the first and only cement, but usually as the
second or third generation of cement.
in dolomitized rocks.

Dolomite cement fills many pores

Fifth, anhydrite and halite cements fill some

voids soon after lithification in rocks directly overlain by evaporites
and as a last stage of cementation in all other rocks.

Dissolution and neomorphism
The term neomorphism was coined by Folk (1965, p. 21) to include
"all transformations between one mineral and itself or a
polymorph • • • whether the new crystals are larger or
smaller or simply differ in shape from the previous ones.
It does not include simple pore-space filling; older
crystals must have gradually been consumed, and their
place simultaneously occupied by new crystals of the same
mineral or a polymorph."
This definition includes two in situ processes.

The first process of

polymorphic inversion is discussed in association with dissolution and
the second process of recrystallization follows.

Inversion involves a

stage of dissolution, followed by a void stage, and in some cases a
cementation stage.
separate.

Inversion and dissolution are difficult to

For this reason, these processes are covered together.

Several diagenetic processes occur at approximately the same time
by freshwater diagenesis.

They include dissolution, inversion of

aragonite to calcite, exsolution of magnesium from Mg-calcite,
precipitation of cement, and dolomitization (Harris and others, 1985),
and may include neomorphism (Prezbindowski, 1985).

Complete mineral

stabilization, dissolution and cementation due to freshwater diagenesis
occurs rapidly following deposition (Steinen and Matthews, 1973;
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Reeckmann and Gill, 1981).

Dissolution and inversion (neomorphism)
Dissolution rates are not equal for all calcium carbonates.

In

solutions undersaturated with respect to calcite, aragonite dissolves
faster than Mg-calcite (Walter, 1983, 1985).

In solutions

supersaturated with respect to calcite but still undersaturated with
respect to aragonite, Mg-calcite with greater than 12 mole per cent
magnesium carbonate dissolves at rates similar to, or faster, than
those of aragonite.

In solutions supersaturated with respect to both

calcite and aragonite, only Mg-calcite with greater than 12 mole per
cent magnesium carbonate actively dissolves.

This is a revision of

previous solubility work (Plummer and Mackenzie, 1974).
calcite is the last to dissolve.

In all cases,

In addition, the rate of dissolution

of biogenic grains is determined both by the size and by the grain
microstructure, for much of the surface area of biogenic grains is not
available for reaction with aqueous solutions (Walter and Morse, 1984).
The rate of dissolution of the matrix is determined simply by the size
of the sediment.
The results of dissolution can be seen in a variety of ways in the
Winnipegosis Formation (Table 10).

Skeletal dissolution or inversion,

in almost all cases, involves the removal of an originally aragonite
shell (Fig. SSG) resulting in an open mold (Fig. 64E), a collapsed mold
due to lack of lithification at time of dissolution (Fig. SSH), or a
mold filled with equant-calcite spar (Fig. SSB) with the characteristic
shape of the mollusk or micrite envelope (Fig. SSG) remaining for
identification.

I

In rare cases, some of the original skeletal structure

309
can be discerned (Fig. 57A).

Vugular porosity commonly results from

the dissolution of shells and the dissolution of any remaining
carbonate mud following partial dolomitization (Fig. 65H).

Dissolution

of halite or carbonate has produced brecciation (Fig. 35E, 66C).
Marine-phreatic waters, being supersaturated with respect to
aragonite, would not be capable of dissolution or neomorphism; but
freshwater-vadose or freshwater-phreatic fluids, being undersaturated
with respect to aragonite and probably acidic, would be capable of
dissolution and neomorphism (Matthews, 1974; Steinen, 1974; Longman,
1980; Longman and Mench, 1978).

Mg-calcite is also preferentially

dissolved or exsolved by meteoric water (Purdy, 1965), leaving calcite
allochems untouched.

Both exsolution and inversion take place fairly

early during diagenesis when the rocks are shallowly buried (Gavish and
Friedman, 1969).
If dissolution occurs before lithification, the matrix collapses,
leaving no record of the allochem's previous presence (Dodd, 1966).
This occurred in rare cases in the Winnipegosis Formation (Fig. SSH).
However, in most cases recognized, either a mold remains or equantcalcite cement has filled it.

Some gastropod shells (Fig. 57A) have

traces of original skeletal structure remaining with most of the shell
now represented by equant-calcite cement.

This is possibly due to a

mixed-mineralogy shell where the calcite remains and the aragonite has
been inverted.
The dissolution-reprecipitation process occurs in a somewhat open
system where there is an exchange of ions between the diagenetic site
and the aquifer solution (Pingitore, 1982).

If the rock is too tight

for flow of the solution, then the exchange takes place by aqueous
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Figure 57
Photomicrographs of dissolution, neomorphism, and compaction.
A.

Photomicrograph of partly inverted gastropod shell; original shell
was probably both of calcite (unchanged) and aragonite (inverted)
composition (NDGS Well No. 5280-4715.0). Bar scale equals 1.0 mm.

B.

Photomicrograph of neomorphism of green algal grain (NDGS Well
No. 4918-6700.6). Bar scale equals 0.5 mm.

C.

Photomicrograph of recrystallization of nodular grain of possible
red algal origin (?algal grain) (NDGS Well No. 6535-6643.3). Bar
scale equals 0.5 mm.

D.

Photomicrograph of neomorphism of bedded sediment. Unaltered
sediment has blue-green algal filaments visible (NDGS Well No. 79311455.4). It was taken with polarized light. Bar scale equals
0.25 mm.

E.

Photomicrograph of neomorphism of matrix with areas that contain
blue-green algal filaments not altered (NDGS Well No. 5280-4713.9).
Bar scale equals 0.5 mm.

F.

Photomicrograph of neomorphic peloids within a brachiopod shell
(NDGS Well No. 793-11436.9). It was taken with polarized light.
Bar scale equals 0.5 mm.

G.

Photomicrograph of syntaxial overgrowth on crinoid grain (NDGS
Well No. 6535-6759.0). It was taken with polarized light. Bar
scale equals 1.0 mm.

H.

Photomicrograph of fractured allochems (NDGS Well No. 461811697.8). Bar scale equals 2.0 mm.

l

-

-

-

312
diffusion, which moves the ions from an area of high concentration to
an area of low concentration.

For example, strontium may move away

from the diagenetic site and magnesium may move toward it, both at the
same time; one ion may experience effective diffusion and another
ineffective diffusion, also at the same time.
As fresh water moves through sediment and dissolves aragonite
allochems, the concentration increases to such a point that the water
becomes saturated with respect to calcium carbonate, and precipitation
of calcite begins.

The area where precipitation takes place may be

very close to (Matthews, 1967), or far away from (Bathurst, 1971) the
site of dissolution.

The greater the distance, the less detail is

preserved (Pingitore, 1976).
An analysis of modern, shallow-water, lime muds indicates that
most are composed of metastable aragonite and Mg-calcite: 60 to 95 per
cent aragonite, 5 to 40 per cent Mg-calcite, and Oto 10 per cent
calcite (Steinen, 1978).

However, ancient lime mudstones are composed

of 100 per cent calcite or dolomite.

Assuming that ancient lime mud

was of a similar composition as modern lime mud, inversion of lime mud
was abundant in ancient rocks.
Dissolution involves the exsolution of magnesium from Mg-calcite
grains and mud.

This mud can also undergo dissolution or neomorphic

recrystallization to micrite or microspar.

Patchy dolomitization of a

carbonate sediment would leave areas of unreplaced fossils or matrix
(Fig. 65H).

The dissolution of such patches of aragonite mud would

result in the production of solution vugs.
The dissolution-precipitation process for the inversion of
aragonite to calcite and the dissolution of carbonate mud following
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partial dolomitization of pinnacle-reef and shelf-margin sediments in
the Winnipegosis Formation is interpreted to have occurred in the
freshwater-phreatic zone that passed through the sediments during the
telogenetic stage of diagenesis and probably ceased as the rock was
covered by Prairie halite (Tables 11 and 12).

Inversion in the

Winnipegosis Formation occurred in the subsurface environment during
the eogenetic 1 stage of diagenesis.

Recrystallization (neomorphism)
Identification of neomorphic spar is not always easy.

Bathurst

(1971, pp. 484-490) has presented a list of the characteristics of
neomorphic spar.

Recrystallization of certain allochems in several

lithofacies (Table 10) is frequent, although not all allochems are
affected due to different original compositions.

The red alga,

Parachaetetes (Fig. 31G, 31H, 32A), grains of possible algal origin
(Fig. 57C, 32B to 32D), and some samples of the green alga, Litanaia
(Fig. 57B) have been recrystallized in patches.

Modern red algae are

composed of Mg-calcite and modern green algae are composed of
aragonite.

Associated allochems composed of calcite do not appear to

have been affected.

The red and green algal grains appear to have

undergone "grain-diminution" to micrite, possibly similar to that in
blue-green algae (Wolf, 1965).

In addition, areas with blue-green

algal filaments in the matrix have not been recrystallized but nearby
areas devoid of filaments have been altered.

There are frequent

situations in which micrite has been neomorphosed to microspar (Fig.
57D, 57E) and rare cases of pseudospar.
Recrystallization of calcite to calcite involves changes in
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crystal volume, crystal shape, and crystal lattice orientation.

The

products of recrystallization recognized in the Winnipegosis Formation
in North Dakota are part of aggrading neomorphism in which the crystal
volume increased.

The result of this process was a change of carbonate

mud to micrite, micrite to microspar, or microspar to pseudospar.
Modern carbonate muds are deposited as a soup of tiny calcite or
aragonite grains in the form of thin needles, 1 to 4 microns long.

The

aragonite needles undergo recrystallization to micrite resulting in the
conversion of the entire sediment to a mass of 1- to 3-micron, calcite
polyhedra (Folk, 1965, p. 28).

Microspar is neomorphosed micrite with

crystals usually between 5 and 6 microns in diameter, but extending up
to 30 microns in diameter (Folk, 1965).

Recrystallization of micrite

to the coarser microspar occurs by flushing with fresh water that
removes magnesium ions (Longman and Mench, 1978) that have acted as a
"cage" around each polyhedron of calcite preventing its growth beyond a
few microns (Folk, 1974).

With recrystallization, there is

obliteration of pre-existing crystal fabric of the affected grains
(Purdy, 1965).

When micrite and microspar are compared where the two

exist side by side in the same sample, micrite is seen as fringes
around grains, as unaltered patches in the microspar, and as impurities
in the microspar.

Pseudospar is neomorphosed microspar with crystals

larger than 30 microns (Folk, 1965).
Neomorphic recrystallization that produced micrite took place in
the freshwater-phreatic or mixing zones beginning during the eogenetic
1 stage of diagenesis and probably continued into the mesogenetic stage
of diagenesis (Tables 11 and 12).

In those areas affected by exposure,

some Winnipegosis rocks were affected and possibly neomorphosed in part
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in the freshwater-phreatic zone as meteoric waters passed through
sediment during the telogenetic stage of diagenesis.

Peloids
There are several cases where spherical peloids of uniform size
are located within restricted microcavities such as within brachiopods
(Fig. 57F) (Table 10).

Fossil bacterial clumps have been identified in

the nuclei of peloids, and Mg-calcite is thought to be precipitated
within and around the clumps of bacteria (Chafetz, 1986).
Where spherical peloids of uniform size occur within isolated
areas in the Winnipegosis Formation, they are interpreted to be of
neomorphic origin , as described by Macintyre (1985, p. 113) rather
than of fecal or unknown origin.

These peloids began to form by

precipitation in the marine-phreatic zone during the syndepositional 1
stage and continued in the subsurface environment during the eogenetic
1 stage of diagenesis (Tables 11 and 12).

Syntaxial overgrowths
Syntaxial rims or overgrowths are not common in the Winnipegosis
Formation in North Dakota.

Where they occur, they are found to

incorporate a pelmatozoan grain in poorly-washed packstones or
grainstones (Table 10) of the Shallow Shelf Environment.

The

pelmatozoan grain (Fig. 57G) can still be recognized by the micritefilled tubes of the porous texture characterisitic of these grains.
Syntaxial overgrowths were included under neomorphism by Bathurst
(1971, pp. 491-493).

The crystals can grow into an open pore space or

form from recrystallization of micrite.

l
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external overgrowth is in optical continuity with the original crystal
(Evamy and Shearman, 1965). Crystals thus formed tend to form earlier
or to grow faster than cement forming on other kinds of grains (Folk,
1965); the syntaxial overgrowth may fill all of the available pore near
the crinoid grain and even incorporate other grains within the one
crystal (Lucia, 1962).

Syntaxial overgrowths are thought to form in

the active freshwater-phreatic zone (Longman, 1980).

Therefore,

syntaxial overgrowths in the Winnipegosis Formation are interpreted to
have developed in the freshwater-phreatic zone during the eogenetic 1
stage or during the telogenetic stage of diagenesis (Tables 11 and 12).

Compaction
In near-surface sediments, dewatering, grain reorientation, grain
breakage, and other mechanical compaction processes change a sediment
with as much as 65 to 75 per cent porosity (Shinn and Robbin, 1983) to
a rock with porosity as low as 30 per cent (Scholle and Halley, 1985).
Cementation and additional mechanical compaction decrease porosity
further, commonly to as little as 5 per cent (Pray and Choquette,
1966), whereas chemical dissolution can create additional secondary
porosity.

Chemical compaction results in pressure-solution phenomena.

The material dissolved in this manner and cementation are thought to be
intertwined rather than two independent processes (e.g., Bhattacharyya,
1979).

Factors that influence compaction are lithology, initial

thickness, maximum effective pressure and rate at which the pressure is
applied (Gretener and Labute, 1969).
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Dewatering and degassing of tidal-flat sediments
Intraclast formation in the Winnipegosis Formation (Table 10) was
produced by desiccation that formed a lithified mudstone, although
early aragonite cementation may also have been involved.

Dewatering or

degassing of tidal-flat sediments have both been suggested as the cause
of the formation of fenestral fabric in those sediments (Tebbutt and
others, 1965; Shinn, 1968a).

The entrapment of water or gas and its

escape pathway could be preserved if the surrounding sediment was
cemented so that later compaction did not remove evidence of the former
voids.

Dewatering and degassing of tidal-flat sediments, processes of

decay of organic matter and early compaction, both occurred in the
vadose zone during the syndepositional 1 and 2 stages of diagenesis
(Tables 11 and 12).

Dewatering of subtidal sediments
Ginsburg (1957, Fig. 11, p. 91) gave evidence of dewatering by
compaction soon after burial in a modern carbonate core taken from
Florida Bay.

However, direct evidence of dewatering of subtidal

sediments is usually not recognizable, but the compaction that takes
place during dewatering can eliminate or distort various primary
sedimentary features.

As the result of this compaction in the

Winnipegosis Formation (Table 10), allochems which were not touching
before came into contact, fenestral voids were eliminated where the mud
was not already cemented, and burrows were distorted.

Dewatering of

subtidal sediments of the Winnipegosis Formation likely took place in
the marine-phreatic zone during the syndepositional 1 to early
eogenetic 1 stages of diagenesis (Tables 11 and 12).
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Broken and offset allochems
Evidence of early compaction in the Winnipegosis Formation
includes fractured allochems with offset (Fig. 57H) or rotated pieces
(Fig. 58A, 58B) that occur in several lithofacies (Table 10).

As

shells (e.g., brachiopods, bivalves and certain gastropods) have
substantial intrinsic strength and are able to support large overburden
pressures without failing (Allen, 1974), the sediment must accumulate
to depths of at least 1 metre before significant breakage can occur.
If, as is common in many shallow-marine sediments, early cementation
occurs prior to accumulation to this depth, breakage will be prevented.
Shells in mudstones were the best preserved and shells that came in
contact or that occurred in coarse packstones or grainstones were most
often broken.
Fracturing of the shells in the Winnipegosis Formation are
interpreted (Shinn and others, 1977; Shinn and Robbin, 1983; Harris and
others, 1985) to have taken place during the syndepositional 1 to the
early eogenetic 1 stages of diagenesis (Tables 11 and 12) prior to
final pore-filling cementation (Steinen, 1979) and prior to complete
lithification, because the matrix is not fractured.

The offset or

rotated movement of the fossils also would have had to take place in a
nonlithified sediment.

Pressure-solution features
Chemical compaction produces a variety of features such as
stylolites, wispy or horsetail stylolites, and microstylolites
(Trurnit, 1968).

More recently, pressure-solution features have been

classified and interpreted by Wanless (1979, p. 439).
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Figure 58
Photographs and photomicrographs of fractured allochems and pressuresolution features.
A.

Photograph of fractured allochems with some pieces rotated by early
compaction in an unlithified sediment (NDGS Well No. 5283-5264).

B.

Photograph of fractured, massive allochem with pieces offset while
sediment was unlithified (NDGS Well No. 5280-4746). Up is to the
left.

C.

Photomicrograph of pressure solution that develops where grains
(arrow) come into contact (NDGS Well No. 793-11481.5). Bar scale
equals 1.0 mm.

D.

Photomicrograph of overpacked fabric with pressure solution at
grain-to-grain contacts (NDGS Well No. 793-11452.6). It was taken
with polarized light. Bar scale equals 0.5 mm. Up is to the left.

E.

Photograph of stylolites developed at change in lithology (NDGS
Well No. 5088-12037/38). Up is to the left.

F.

Photograph of solution seam developed at upper margin (arrows) of
massive allochem (NDGS Well No. 5283-5283).

G.

Photomicrograph of horsetail stylolites (NDGS Well No. 505-11194B).
Bar scale equals 2.0 mm.

H.

Photomicrograph of microstylolite and microstylolite swarm (NDGS
Well No. 5246-10228.7). Bar scale equals 1.0 mm.
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sutured-seam solution took place where very little clay or silt was
present in the rock, non-sutured seam solution where large amounts of
clay or silt were present, and non-seam solution where the limestone
was free of clay or silt.

Wanless (1979) considered that the type of

solution seams that develop are due to the amount of silt and clay in
the rock, with stylolites indicating minor impurities and clay seams,
microstylolites, or wispy stringers indicating large amounts of
impurities.

On the other hand, Shinn and Robbin (1983) thought that

such features as organic wispy layers indicated initiation of
dissolution but that stylolites would develop given additional burial
and time.
Sutured-seam solution produces stylolites and allochem-contact
sutures; these features indicate solution along an irregular, commonly
discontinuous surface, with interlocking penetration of the two sides.
Dissolution at the contact of allochems by pressure solution is common
within Winnipegosis packstones and grainstones (Table 10), especially
in overpacked textures (Fig. SBC, SBD).
discussed below.

Overpacked textures will be

Interpenetration of grains, and bent and broken

grains also are common in the overpacked fabrics (Fig. 20B).

In

addition, stylolites form within organisms, between encrusting
organisms, between laminae (Fig. S9H, 19A, 34D, 36G), at contact of
matrix and organism (Fig. S8F), and at major changes in lithology (Fig.
SSE).

Stylolites form within an apparently uniform lithology (Fig.

24B, 34E), although there may have been differences that are masked by
the amount of material removed.

Stylolites enhance the laminated

appearance of some rocks by occurring with each couplet (Fig. 19A).
Stylolitization has penetrated equant-calcite cement (Fig. S9B).
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An overpacked fabric occurs commonly in some packstones and
grainstones.

Most of the grains are elongated or platy in shape and in

some examples may have fortuitously been deposited with one fitting
close to another, but in most cases platy fossil content is so great
(Fig. 20B) that a simple depositional fabric is unlikely (Vinopal and
Coogan, 1978).

Although some of the shells are broken, it was probably

dissolution-compaction which brought the shells into close proximity
and produced the overpacked fabric.

In fact, with loss of intervening

mud, what would have been a mudstone became a wackestone, what would
have been a wackestone became a packstone, and what would have been a
packstone or grainstone became an overpacked packstone or overpacked
grainstone (Shinn and Robbin, 1983).
Non-sutured, seam solution produces microstylolites for a single
clay-film surface, microstylolite swarms for anastomosing swarms of
microstylolites, and clay seams for thicker seams of clays or platy
silt containing little calcite.

Non-seam solution produces thinning of

the unit by dissolution throughout rather than along selected surfaces.
Microstylolites are very thin, undulating surfaces on the order of only
20 to 40 microns thick.

Horsetails (Roehl, 1967) and wispy laminae

(Lucia, 1972) are other terms used in the literature for these
features.

Microstylolites occur around part of massive allochems but

tend to die out laterally (Fig. 58F) in most lithofacies that contain
allochems.

Similar dissolution is represented by horsetail stylolites

(Fig. 58G) and wispy partings or stringers (Fig. 26B, 26D, · 29A, 29B).
Microstylolites or microstylolite swarms (Fig. 58H) occur in more
uniform lithologies.

In many cases, wispy stringers or clay seams

appear to be more diffuse in dolomitized rocks (Fig. 59A).

r
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Figure 59
Photographs and photomicrographs of pressure-solution features,
fractured and faulted rock, anhydrite displacement, and dolomite
replacement.
A.

Photomicrograph of concentrated insolubles along solution seams in
dolostone (NDGS Well No. 4918-6681.9). Bar scale equals 1.0 mm.

B.

Photomicrograph of stylolite (arrows) that cuts matrix, allochems,
and equant-calcite cement (NDGS Well No. 5279-5106.9). Bar scale
equals 2.0 mm.

C.

Photograph of fractured and faulted rock (NDGS Well No. 5184-4862).
Up is to the left.

D.

Photograph of displacement of lithified tidal-flat sediment by
growth of anhydrite crystals (NDGS Well No. 5281-4795). Up is to
the left.

E.

Photograph of displacement of laminated dolomudstone by growth of
anhydrite within the sediment. Displacement occurred while
sediment was unlithified (NDGS Well No. 6684-7461).

F.

Photomicrograph of displacive anhydrite; enterolithic structure;
enlargement of area marked by "a" in Figure G (NDGS Well No. 524610213).

G.

Photomicrograph of enterolithic form of displacive anhydrite ("a"
of Figure F) with ghosts of blue-green algae (NDGS Well No. 524610222.0). It was taken with polarized light. Bar scale equals
0.5 mm.

H.

Photograph of "diagenetic front", the furthest extent of
dolomitizing fluids (NDGS Well No. 2800-8304). Up is to the left.
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Pressure solution results in the dissolution of calcium carbonate
which is then available for cementation of adjacent beds (Scholle and
Halley, 1985) or others at some distance (Buxton and Sibley, 1981).
Pressure solution is more likely in limestones than in dolostones
(Playford, 1980).
Not all types of pressure-solution features occurred
simultaneously.

Pressure solution at grain-to-grain contacts took

place prior to the precipitation of pore-filling cements (Bathurst,
1971), and stylolitization took place after void-filling cement was
precipitated.

Pressure solution began where the depth of burial was at

least a few metres (Schlanger, 1964; Meyers, 1980), or more likely,
where it was greater than several hundred metres (Dunnington, 1967;
Mossop, 1972).
Therefore, it is probable that contact, pressure solution between
grains in the Winnipegosis Formation began during the eogenetic 1 stage
of diagenesis (Tables 11 and 12) and ceased with precipitation of
equant-calcite cement, and that stylolitization developed from the time
of early cementation during eogenetic 1 stage of diagenesis and
continued at least through precipitation of equant-calcite cement
during the mesogenetic stage of diagenesis.

Fracturing
Vertical to slightly inclined fractures were observed in most
lithofacies (Table 10).

In some cases there was faulting present along

the fracture (Fig. 59C).

Fractures were commonly filled with equant-

calcite cement (Fig. 38F, 65D), or tabular-anhydrite or halite cements
(Fig. 65E); a few remain open (Fig. 39B).
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calcite cements are cut by fractures, which indicates that they
occurred after early cementation.
Fracturing was probably related to subsidence of the Williston
Basin which has gone on intermittently throughout its history.

In

addition, basement-fault movement along the Nesson anticline or along
the Superior-Churchill Province boundary, or at other localities, may
have caused some of the fracturing.

Because of the intermittent nature

of fault movement and periods of greatest basin subsidence, fracturing
probably did not occur as the result of a single event.

Fracturing

occurred in the subsurface environment during the early to late
mesogenetic stage of diagenesis (Tables 11 and 12).

Displacement
Dolomudstones in the Winnipegosis Formation have been deformed by
the growth of anhydrite within sediments (Table 10) of the tidal-flat
environment and the evaporite-basin environment.

Where the

dolomudstone was lithified, displacement broke the dolomudstone apart
forming "intraclasts" that were pushed upward by crystal growth (Fig.
59D); where the sediment was unlithified, the dolomudstone deformed
plastically (Fig. 59E).

Gypsum and anhydrite grow within modern algal

mats and carbonate muds of the supratidal sabkha by syndepositional
replacement and displacement (Park, 1977; Shearman, 1978; Warren and
Kendall, 1985); anhydrite is preserved in upper-supratidal sediments
(Watson, 1985).
Rocks from the deep, evaporite basin are composed of bedded
dolomudstones with anhydrite nodules, overlain by bedded anhydrites.
The anhydrites found in these rocks were produced by both displacive
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growth within bedded dolomudstones and by the conversion of subaqueous
bedded gypsum to anhydrite.
manner.

These rocks formed in the following

Salinity in the deep, evaporite basin increased over time.

The first evaporitic sediments to collect on the bottom were lime
mudstones.

The hypersaline-phreatic waters, which existed later when

gypsum was being deposited, sank into the mudstones, dolomitizing them.
As salinity increased, anhydrite nodules began to form within these
dolomudstones (Fig. 39E); the nodules grew and coalesced (Fig. 39F),
producing enterolithic fabrics (Fig. 59E, 59F, 39G).

Eventually, the

anhydrite content became so great that the dolomudstone remained as
stringers and patches within anhydrite (Fig. 39H).

There were traces

of dolomudstone and blue-green algal filaments preserved within the
anhydrite (Fig. 59G).

This displacive anhydrite growth within the

dolornudstones produced a fabric similar to that found in the upper,
tidal-flat sediments.

Eventually, the salinity in the evaporite basin

became such that gypsum crystals formed in the upper oxygenated waters
and settled toward the sea floor (Friedman, 1978b).

With the beginning

of gypsum precipitation, dissolution of the gypsum and destruction by
sulfate-reducing bacteria prevented gypsum from reaching the bottom but
increased the concentration of gypsum in the water.

Eventually, the

entire water column became saturated and crystals began to accumulate
on the sea floor producing a bedded gypsum.
inversion of the gypsum to anhydrite.

There was subsequent

Therefore, both displacive

anhydrite and depositional, diagenetically altered anhydrite formed in
the evaporite-basin environment.
The growth of displacive anhydrite in the Winnipegosis Formation
occurred in the marine-phreatic (or hypersaline-phreatic) zone during
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the syndepositional 1 stage of diagenesis, affecting the upper,
tidal-flat sediments during the Second Episode and the evaporite-basin
sediments during the Third Episode (Tables 11 and 12).

Replacement
The replacement of one mineral by another mineral is a common
phenomenon in some lithofacies of Winnipegosis rocks (Table 10).

The

most common replacement mineral in these rocks is dolomite with
accessory ankerite, celestite, anhydrite, pyrite, silica, and hematite.
Not all replacement by dolomite in the Winnipegosis Formation occurred
under the same circumstances or at the same time.
replacement by dolomite have been recognized.

Four types of

They include two

examples of syndepositional replacement by dolomite -- dolomitization
of supratidal lime muds and dolomitization of deep-basin lime muds
and two instances of secondary dolomites -- an early-secondary
dolomitization of pinnacle-reef and shelf-margin sediments during the
telogenetic stage of diagenesis and a late-secondary dolomitization
during the mesogenetic stage of diagenesis.

Syndepositional dolomite (supratidal, lime muds)
The dolomudstone found in Winnipegosis rocks (Table 10) from the
tidal flats deposited during the Second Episode (Fig. 34D to 35D) and
the Fifth Episode (Fig. 35E to 35H; 36A to 36C) is a microcrystalline
dolomite (Fig. 59D).

The dolomite crystals are euhedral and vary in

size from 1 to 7 microns.

This microcrystalline dolomite seems to be

restricted to those lithofacies that have been interpreted to have
formed on tidal flats.

l
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Syndepositional dolomite is forming on modern, tidal flats (e.g.,
Shinn and others, 1965; Deffeyes and others, 1965; Illing and others,
1965).

The replacement dolomite is forming penecontemporaneously with

deposition of the lime mud (Illing and others, 1965).

The lime mud is

first replaced by a very-fine grained, disordered, calcium-rich phase
(Zenger, 1972) that is highly soluble and unknown in ancient rocks
(Land, 1982).

Therefore, syndepositional dolomite found in the

Winnipegosis Formation has also undergone recrystallization that
stabilized the metastable phase and produced larger, ordered crystals.
Magnesium for dolomitization was supplied from the evaporation of
seawater (e.g., Oomori and others, 1983) or by the dissolution of
Mg-calcite sediments by meteoric waters (Hanshaw and others, 1971).
The precipitation of gypsum on tidal flats removed calcium ions and, in
turn, raised the Mg/Ca ratio of the brine; dolomite began to form when
the ratio exceeded 5:1 to 10:1 (Folk and Land, 1975).
Seawater driven onto the Winnipegosis sabkha surface by storms
moved back to the sea by reflux.

Evaporation of seawater in the ponds

produced hypersaline brines which, when they became heavy enough to
displace the connate waters (Deffeyes and others, 1965), seeped slowly
downward and seaward through the slightly permeable carbonate
sediments, replacing them (Fig. 60A).

This seepage-reflux model (Adams

and Rhodes, 1960) requires the brine to precipitate sulphates first,
thereby increasing the Mg/Ca ratio, in order to allow dolomitization
(Morrow, 1978).

The seepage-reflux model would rapidly form

dolomitizing fluids and require relatively small amounts of seawater.
It would be adequate for relatively local dolomitization of sediments
below, immediately adjacent to, and possibly down gradient from, salt
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Figure 60
Photographs and photomicrographs of early- and late-secondary dolomite
replacement and of anhydrite replacement.
A.

Photomicrograph of dolomitization of a codiacean alga by earlysecondary dolomite (NDGS Well No. 6535-6643.7). Bar scale equals
0.5 mm.

B.

Photomicrograph of dolomitization of a micrite matrix by earlysecondary dolomite (NDGS Well No. 4924-5916.8). Bar scale equals
1.0 mm.

C.

Photograph of early-secondary dolomite (dark) and late-secondary
dolomite (light) replacement (NDGS Well No. 6535-6637). Up is to
the left.

D.

Photomicrograph of late-secondary dolomite replacement; many
crystsls show zoned centers (NDGS Well No. 4918-6670.1). Bar scale
equals 0.5 mm.

E.

Photomicrograph of replacement by both late-secondary dolomite and
by anhydrite (NDGS Well No. 4340-11509.3). It was taken with
polarized light. Bar scale equals 0.5 mm.

F.

Photograph of replacement by blocky-anhydrite crystals (NDGS Well
No. 6535-6781).

G.

Photomicrograph of replacement of coral by anhydrite (NDGS Well
No. 4618-11712.8). It was taken with polarized light. Bar scale
equals 0.5 mm.

H.

Photomicrograph of anhydrite replacement after equant-calcite
cementation (NDGS Well No. 5283-5256.9). Bar scale equals 2.0 mm.
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pans.
In comparison with modern tidal flats, the origin of the waters on
the Winnipegosis sabkha was dominated by storm recharge (Hsu and
Siegenthaler, 1969) but also included rain recharge (McKenzie and
others, 1980; Gunatilaka and others, 1984); together this process is
termed flood recharge (Fig. 60B). · The flood-recharge water sank into
the subsurface where it filled all pores, raising the ground-water
table to the surface of the sabkha.
sea.

Excess water flowed back to the

There was evaporation from the surface and the capillary zone,

called capillary evaporation, which lowered the ground-water table
below the surface of the sabkha.

Continued evaporation caused water to

rise through the capillary zone and it, in turn, to evaporate.
process is termed evaporative pumping (Fig. 60C).
subsurface water continued to be concentrated.

This

In this manner, the

Capillary evaporation,

which began immediately after flooding, caused precipitation of gypsum
and anhydrite.

With this loss of calcium, the Mg/Ca ratio was raised

and a dolomitizing fluid was produced.

This fluid would be raised to

the surface by evaporative pumping (Hsu and Siegenthaler, 1969; Hsu and
Schneider, 1973).

This process occurred in the intermediate sabkha,

dolomitizing the mudstones.
Due to supratidal characteristics of the sediments and to
associated evaporites, the Winnipegosis Formation syndepositional
dolomites are interpreted to have formed by the penecontemporaneous
replacement of sabkha sediments probably by a combination of seepage
reflux and evaporative pumping during the syndepositional 1 and 2
stages of diagenesis (Tables 11 and 12).
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Syndepositional/primary dolomite (deep-basin, lime muds)
The dolomudstones found in the evaporite basin (Fig. 37G, 37H, 38A
to 38D, 38B) lithofacies (Table 10) are also microcrystalline
dolomites.

The dolomite crystals are euhedral and vary in size from 1

to 10 microns.

There are several examples of a "diagenetic" front that

indicate the extent to which the dolomitizing fluids traveled (Fig.
59H).

In some cases, the dolomitizing fluids were restricted to

individual laminae or thin beds resulting in alternation of dolomitized
and nondolomitized beds; but, in other cases, the fluids traveled only
part way along an individual bed.
In addition to sabkhas, dolomite has been found in subtidal
sediments on a modern, hypersaline, lagoon bottom (Gunatilaka and
others, 1984).

Primary dolomite is thought by some (e.g., Friedman,

1980; Land, 1982) to be more common than presently recognized.

It is a

direct chemical or biochemical precipitate from sea water that
accumulates as a sedimentary deposit or as a cement in pores, rather
than as a diagenetic replacement mineral.

Therefore, due to the

presence of microcrystalline dolomite on the bottom of a deep,
hypersaline basin and to the association of evaporites, the
Winnipegosis sediments are interpreted to have formed in the following
manner.

The upper waters in the evaporite basin were increasing in

salinity due to evaporation.

Eventually, salinity was great enough

that gypsum began to be precipitated in the upper waters (Friedman,
1972).

As the gypsum crystals sank to lower levels, calcium would be

removed from the upper waters, increasing their Mg/Ca ratio and
enabling the formation of dolomite.

The dolomite crystals also sank,

accumulating on the bottom as primary dolomite (Friedman, 1980; Land,

T

334
1982).

The upper part of the dolomudstone interval may have formed in

this manner.
However, the lower part of the dolomudstone interval was probably
deposited as lime mud and was replac~d by syndepositional dolomite
(Harris and others, 1985).

At the time dolomite began to accumulate on

the basin floor, dolomitizing fluids would begin to sink into the
sediment previously deposited, replacing them.

Penetration of the

sediments by these fluids would be controlled by porosity and
permeability, allowing fluids through some beds and not through others.
Therefore, not all beds would be replaced at the same rate, and the
diagenetic fronts would be produced.
The microcrystalline dolomite located in the evaporite basin
sediments of the Winnipegosis Formation is interpreted to be, in part,
a primary precipitate and, in part, a diagenetic replacement of lime
mud during the syndepositional 1 to the early eogenetic 1 stages of
diagenesis (Tables 11 and 12).

Early-secondary dolomite
The third type of dolomite is composed of euhedral crystals, 50 to
70 microns in size.

This medium-grained dolomite has altered

lithofacies (Table 10) from the reef (Fig. 26B, 26C, 26D, 29A to 29D,
31C), the shallow-shelf (Fig. 21C, 22C, 22E), and the lagoon
environments (Fig. 32G, 32A, 32B, 32E).

There are certain dolomitized

beds in the pinnacle reefs interbedded with those that are unaltered.
Both types of beds contain vug-channels, but those beds that remain
limestone appear to be completely cemented while the dolomite beds
appear to be only partly cemented.

T
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early cementation in the pinnacle reefs of the Winnipegosis Formation
apparently controlled, at least to a certain degree, textures in the
resultant dolomite.

Original porosity and remaining porosity following

early cementation were important as permeability conduits available for
the dolomitizing fluids (Murray, 1969; Davies, 1979).

Those beds that

were completely cemented early were not dolomitized, but those beds
that, although they may have undergone some early cementation, were
still permeable allowed dolomitizing fluids to pass through them.
The degree of replacement is not uniform; minor alteration of
parts of allochems (Fig. 30H), replacement only of allochems (Fig.
61A), or replacement only of matrix are all observed.
the rock has been only partly replaced (Fig. 61B).

In some cases,

Bioturbated areas

of the rock have been preferentially dolomitized; probably because
those areas were more permeable to dolomitizing fluids (Shinn, 1968b).
As dolomitization proceeds, it tends to obscure original depositional
textures and recognition of the smallest allochems.

For this reason,

it becomes increasingly difficult to determine original textures.
However, in most cases, the entire rock has been replaced (Fig. 29A to
29D, 31C) and, in some cases, altered so completely that the original
depositional lithofacies can only be inferred.
Secondary dolomitization is the post-depositional replacement of
limestone or calcareous sediments by the progressive slow growth and
coalescence of discrete dolomite crystals.

In the case of Winnipegosis

rocks, dolomitization of subtidally deposited sediments is rare to
common in rocks deposited in the shallow shelf but common to abundant
in rocks deposited at the shelf margin or on the pinnacle reefs.

The

subtidal nature of these rocks is evident in undolomitized parts of the
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Figure 61
Diagrams of the hydraulic model of a sabkha under the seepage-reflux
model of dolomitization and the evaporative-pumping model of
dolomitization.
A.

Diagram of the sabkha illustrating evaporation of salt-pond water
with seepage reflux of water returning to the sea, under the
seepage-reflux model.

B.

Diagram of the sabkha illustrating the water movement during times
of recharge, mainly in winter or spring with storms, under the
evaporative-pumping model.

C.

Diagram of the sabkha illustrating the or1g1n of the water and the
circulation pattern during times of evaporation, the situation
during most of the year, under the evaporative-pumping model.
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rock or identified by the presence of allochems or textures
characteristic of other subtidally deposited Winnipegosis sediments.
The sources of magnesium for dolomitization are exsolution of
Mg-calcite (Lohmann and Meyers, 1977), dissolution of overlying
dolomites, or penetration of hypersaline waters that have lost calcium
to gypsum.
The "Dorag" or "mixing-zone" model has been proposed and discussed
by numerous authors (e.g., Badiozamani, 1973; Folk and Land, 1975;
Longman, 1980).

Along shorelines, water masses develop in the

subsurface that are derived from different sources (Fig. 52);
specifically an upper, freshwater-phreatic zone and a lower, marinephreatic zone, with a mixing zone at the contact of the latter two
zones.

Each zone has different chemical properties: the freshwater-

phreatic zone has low salinity and high magnesium content; the marinephreatic zone has high salinity but low magnesium content; and the
mixing zone with lowered salinity and increased magnesium content.

The

latter situation promotes dolomitization.
Dolomite forms in the hypersaline environment where a high Mg/Ca
ratio exceeding 5:1 or 10:1 exists (Folk and Land, 1975).

However,

dolomite forms at Mg/Ca values over 3:1 in normal, marine waters, and
at Mg/Ca ratios of 1:2 in meteoric waters (Dickey, 1969), or even as
low as 1:1 in low-salinity, subsurface waters because of a lack of
competing ions (Folk and Land, 1975).

Therefore, lowering of salinity,

thereby reducing the concentration of competing ions and, in most
cases, slowing the rate of crystallization which allows ordering to
take place, promotes dolomitization.

These conditions can occur in a

schizohaline environment or in a mixing zone.
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The "mixing-zone" model has been applied to modern replacement of
Pleistocene (e.g., Land and others, 1975) and more ancient rocks (e.g.,
Dunham and Olson, 1980; Randazzo and others, 1983).

Mixing-zone

dolomitization does not occur syndepositionally, but rather, early in
the burial history after some compaction but while porosity remains
high (Choquette and Steinen, 1980).
Due to evaporative drawdown, water level in the Elk Point Basin
dropped at least 30.5 metres (100 ft) which caused the pinnacle reefs
in the basin to be islands (Maiklem, 1971).

At times of adequate

rainfall, freshwater lenses would have formed.

Therefore, at extreme

emergence, there would have been a freshwater-vadose zone (Fig. 62A)
overlying a freshwater-phreatic zone, in turn overlying a subsurface,
connate zone, with a mixing zone in between the latter two zones.
Although some Winnipegosis rocks may have been replaced by mixingzone fluids, most early-secondary dolomitization of rocks in the
Winnipegosis Formation in North Dakota has taken place by the
evaporite-basin, hypersaline-phreatic model, as proposed here.
As has been discussed in the previous section, the upper waters in
the inter-reef basin increased in salinity due to evaporation.
Eventually, gypsum crystals were precipitated in upper waters and sank
toward the sea floor.

In this way, calcium was removed from the upper

waters increasing the Mg/Ca ratio and producing a dolomitizing fluid.
In addition to the vadose zone, the freshwater-phreatic zone, the
mixing zone, and the subsurface environment, a hypersaline-phreatic
zone would have developed along the outer margin of the shelves and
pinnacle reefs due to penetration of the hypersaline waters generated
in the evaporite basin.

T
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Figure 62
Diagrams of pinnacle reef and shelf margin from the Winnipegosis
Formation illustrating the relationship of diagenetic zones during the
telogenetic stage of diagenesis.
A.

There existed a minor 1D1.x1ng zone between the freshwater-phreatic
zone and the subsurface environment where dissolution and inversion
took place. As sea level in the inter-reef basin fell due to
evaporative drawdown, this mixing zone would have passed through
pinnacle-reef and shelf-margin rocks.

B.

The upper waters in the inter-reef basin increased in salinity due
to evaporation. Eventually, gypsum crystals were precipitated and
settled to the sea floor in the evaporite basin. This process
increased the Mg/Ca ratio in the upper waters that produced a
dolomitizing fluid that penetrated the pinnacle-reef and
shelf-margin rocks and formed a hypersaline-phreatic zone. The
penetration of dolomitizing fluids was controlled by early
cementation and remaining permeability zones.
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the rocks to varying distances determined by the distribution of early
cemented zones and remaining porosity-permeability zones (Fig. 62B).
The hypersaline waters, because of continued evaporation and gypsum
crystallization and settlement, would have remained capable of
dolomitization as the depth of water in the inter-reef basin decreased
due to evaporative drawdown.
The majority of early-secondary dolomitization in the Winnipegosis
Formation occurred by penetration along permeability zones of
dolomitizing fluids produced in an evaporite basin (evaporite-basin,
hypersaline-phreatic model).

Dolomitization of the shelf-margin and

pinnacle-reef rocks took place during the telogenetic stage of
diagenesis (Tables 11 and 12).

Late-secondary dolomite
The last type of dolomite in Winnipegosis rocks is composed of
euhedral crystals, 90 to 120 microns in size.

This coarse-grained

dolomite is found replacing both limestone and dolostone.

However,

coarse-grained dolomite is the rarest type found in the Winnipegosis
Formation.

It has been identified, rarely (Table 10), from the

pinnacle reefs and very rarely from the shallow-shelf environment.
Coarse-grained dolomite occurs as rare, generally isolated crystals,
small groups of rhombs, or patchy alteration (Fig. 61D).

The contact

of coarse-grained dolostone with other rocks may be sharp or gradual
(Fig. 61C).

Where coarse-grained dolomitization has taken place, it

has completely obliterated the original depositional textures including
both matrix and allochems.

Coarse-grained dolomitization occurred

after precipitation of long, isopachous, calcite cement, medium-grained
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dolomitization, and after anhydrite replacement (Fig. 61E).
Saline interstitial waters are typically very magnesium-poor and
on the whole commonly approach calcite-dolomite equilibrium (Pakhomov
and Kissin, 1973).
important.

Therefore, a source of external magnesium is very

Although there is no dewatering of adjacent shales to

provide a source of magnesium in tne Winnipegosis Formation, diagenesis
of clay minerals from internal argillaceous zones (Mattes and Mountjoy,
1980) or from pressure solution (Wanless, 1979; Pratt, 1982a) might
supply the necessary magnesium.

Solution of dolomite previously formed

(Land, 1982) might also be a likely source, especially in the
pinnacle-reef or shelf-margin sediments.

The apparently random

distribution of this coarse-grained dolomite in the Winnipegosis
Formation is most likely due to migration of deep brines during the
mesogenetic stage of diagenesis (Tables 11 and 12).

Ankerite
Iron-rich dolomite or ankerite has replaced the mudstones of the
deep shelf (Table 10).

Replacement by ankerite or ankeritic dolomite

in the Winnipegosis Formation is interpreted to have occurred in the
bottom sediments possibly within as little as a few centimetres of the
sediment/water interface (Moretti, 1957) to as deep as a few metres to
tens of metres in the zone of microbial sulfate reduction in organicrich sediments (Baker and Burns, 1985).

The overlying seawater

provided the magnesium, and as magnesium concentrations decreased
downward, reduced iron was incorporated into the mineral, eventually
producing ankerite.

Replacement by ankerite took place in the

Winnipegosis Formation during the syndepositional 1 or very early

1
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eogenetic 1 stage of diagenesis (Tables 11 and 12).

Celestite
Celestite occurs as isolated, rod-shaped crystals randomly
dispersed and oriented within mudstones (Fig. 19A) of the deep basin
and as isolated and criss-crossed groups within the dolomudstones of
the evaporite basin (Table 10).

The crystals found in the Winnipegosis

Formation are straight-sided, and are interpreted to be originally of
celestite composition, not a replacement of gypsum (West and others,
1968) which would result in barrel-shaped gypsum crystals pseudomorphed
by the celestite (Maiklem and others, 1969).

Although celestite has

been reported from modern, upper-intertidal sediments in the Persian
Gulf (Schneider, 1975) and from ancient rocks interpreted to have been
deposited in supratidal, intertidal and restricted subtidal
environments (Olaussen, 1981), it is restricted to the deep-basin and
evaporite-basin environments in Winnipegosis rocks.

However, the

celestite crystals have probably formed in a manner similar to that
which formed on sabkhas.
Carbonate sediment, transported to the sabkhas by tidal flooding,
rain storms and winds (Illing and others, 1965), and lime mud
transported to the deep basin by settling from suspension or by
turbidity currents were mostly aragonite in composition (e.g., Neumann
and Land, 1975).

The aragonite typically contained a high amount of

strontium (Hoskin, 1968; Veizer and Demovic, 1974) that would be "lost"
during the inversion of aragonite and Mg-calcite to calcite or during
dolomitization (Land, 1973).

Because the reaction took place in a

partially-closed, wet, chemical system (Veizer, 1977), the strontium

l

345
was available to form strontium sulfate.

The strontium may have been

originally incorporated within the dolomite crystals but, during
burial, the dolomite stabilized to a more ordered structure and
expelled the strontium to form celestite (Land, 1982).

Therefore,

celestite formed penecontemporaneously with the inversion of aragonite
during the eogenetic 1 stage of diagenesis (Tables 11 and 12).

Anhydrite
Replacement by anhydrite occurred as nodules or as bladed, "clear"
anhydrite having a patchy distribution (Fig. 61F).

Anhydrite nodules

have a felted to rarely bladed texture, completely replace matrix and
allochems, and occur in most lithofacies (Table 10).

Clear-bladed

anhydrite occurs in several lithofacies and is not as destructive,
altering matrix (Fig. 63B) or, in most cases, only allochems (Fig. 61G,
61H, 63A).

Bladed-replacement anhydrite can be differentiated from

anhydrite cement by the presence of inclusions in the former (Fig. 63B,

SSE).
The source of the anhydrite for replacement in the Winnipegosis
Formation was the overlying beds of supratidal anhydrite on the shelves
and the nearby evaporite-basin anhydrite for the basin and pinnaclereef rocks (Murray, 1964).

Circulating interstitial waters dissolved

sulfates and then replaced adjacent carbonates (Braithwaite, 1971).
Anhydrite partly replaced cements; therefore, replacement occurred
after lithification.

Anhydrite cementation and replacement of

Winnipegosis rocks probably occurred at the same time and by the same
waters during the mesogenetic stage of diagenesis (Tables 11 and 12).

1
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Figure 63
Photograph and photomicrographs of anhydrite replacement and formation
of pyrite, silica, and hematite.
A.

Photomicrograph of replacement of shell and matrix by latesecondary dolomite and by anhydrite (NDGS Well No. 5246-10272.7).
It was taken in polarized light. Bar scale equals 0.5 mm.

B.

Photomicrograph of inclusions indicative of replacement anhydrite
(NDGS Well No. 6684-7497.5). Bar scale equals 1.0 mm.

C.

Photomicrograph of disseminated fine pyrite (NDGS Well No. 51844868.1). Bar scale equals 2.0 mm.

D.

Photograph of "patterned carbonate," general mottling in lower part
of slab produced by concentrated pyrite (NDGS Well No. 5279-5102).
Up is to the left.

E.

Photomicrograph of pyrite concentrated in brachiopods (NDGS Well
No. 6535-6780.2). Bar scale equals 1.0 mm.

F.

Photomicrograph of silica replacement concentrated along a bedding
plane in tidal-flat sediment (NDGS Well No. 5277-4883.5). It was
taken with polarized light. Bar scale equals 0.5 mm.

G.

Photomicrograph of silica replacement of gastropod shell in
lagoonal sediment (NDGS Well No. 5279-5105.2). Bar scale equals
0.5 mm.

H.

Photomicrograph of hematite concentrated preferentially in
argillaceous areas (NDGS Well No. 5246-10376.7). It was taken with
polarized light. Bar scale equals 0.5 mm.
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Pyrite
Fine crystals of pyrite occur disseminated in most lithofacies in
the Winnipegosis Formation (Table 10).

They usually occur very finely

disseminated in the matrix (Fig. 63C), although they may form larger
disseminated masses.

A unique distribution of pyrite occurs in

tidal-flat dolomudstones where it is concentrated in patches and along
indistinct bedding planes (Fig. 63D, 59D), producing a general mottling
of the rock.

Pyrite is found concentrated around the outline of

burrows (Fig. 53B) and in allochems (Fig. 63E, 33G) or stromatolites.
Pyrite can occur both as a void-filling mineral and as a
displacive-growth mineral (Carstens, 1986); the latter case occurred in
the Winnipegsis Formation.

Pyrite formed in the bottom sediments at

the sediment/water interface if conditions were favorable, but more
commonly at some depth of burial shortly after deposition (Emery and
Rittenberg, 1952; Moretti, 1957).

The decay of organic matter in the

sediments increased pH values producing a reducing environment that
enabled anaerobic bacterial action to reduce sulphates and iron to
produce pyrite (Blatt and others, 1980).

In a similar manner,

decomposition of organic matter within shell fragments produced a
localized reducing environment where pyrite formed, resulting in pyrite
concentrations along shell structures (Brown, 1966).

"Patterned

carbonates," light- and dark-colored areas of rock (Fig. 63D, 35C, 59D)
due to concentration of small pyrite crystals (Dixon, 1976), formed in
rocks of intertidal and supratidal origin where the pyrite was a
product of early diagenesis in a sulphate-rich reducing environment.
Therefore, the formation of pyrite in the Winnipegosis Formation
occurred in a reducing environment soon after deposition of the
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sediment, during the syndepositional 1 or syndepositional 2 stages of
diagenesis (Tables 11 and 12).

Silica
Silica occurred as a replacement mineral in two different
environments (Table 10).

It replaced dolomudstone (Fig. 63F) in

supratidal sediments where it formed along bedding planes and it
partially replaces gastropods (Fig. 63G) in lagoon sediments that
directly underlie tidal-flat sediments.

The form of silica in both

cases is a spherulitic chalcedony that occurs as individual or groups
of coalescing spherulites; each is generally less than one centimetre
in diameter.

The silica may have been produced by early solution of

radiolarians (Heckel and Witzke, 1979), sponge spicules (Land, 1976),
or wind-blown quartz silt.

Quartz silt is probably the source of the

silica found in tidal-flat sediments, and it may be the source for the
lagoonal sediments, although dissolution of sponge spicules is also
possible.
In the case of the tidal-flat sediments, quartz silt dissolved
where there was an increase of pH to 9 or 10, which occurred with the
decay of organics trapped with the sediments.

Chalcedony has been

reported to replace sulfates (Folk and Pittman, 1971; Chowns and
Elkins, 1974) in the upper part of tidal-flat sediments that also
contain anhydrite.

Silica replacement of anhydrite took place prior to

compaction and lithification of tidal-flat sediments (Chowns and
Elkins, 1974).
In the nearby reef community, photosynthesis and respiration
controlled the uptake and release of carbon dioxide, which produced
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shifts in pH from a low of 7.6 to a high of 9.8 (Epstein and Friedman,
1982); the high pH could have resulted in dissolution of sponge
spicules.

Replacement of the lagoonal gastropods by silica is

interpreted to hav~ occurred prior to the stabilization of the shell
aragonite (Jacka, 1974) during relatively shallow burial.

The

replacement was controlled by the diagenesis of organic matter in
skeletal allochems.
Therefore, in both cases, replacement by silica in the
Winnipegosis Formation occurred during the syndepositional 1 to the
early eogenetic 1 stage of diagenesis (Tables 11 and 12).

Hematite
Hematite replacement occurs in two lithofacies (Table 10) in the
Winnipegosis Formation.

It is rare, concentrated in some laminae in

supratidal dolomudstones where it imparts a reddish-yellow coloration
along the laminations.

Hematite is also abundantly dispersed in

dolomudstones occurring on sites that overlie former pinnacle reefs
("hematite" unit), where it imparts a red or orange-red coloration to
these latter dolomudstones (Fig. 63H, 36A to 36C).
A significant volume of iron was required for the hematite
replacement of dolomudstones overlying pinnacle reefs.

The solution of

iron oxides from clay minerals is interpreted to be the source of
hematite due to the fine-grained texture of the sediments (Young,
1979).

The clay minerals in the Winnipegosis could have been wind-

blown from the exposed Precambrian Shield to the isolated pinnacle
reefs as the prevailing wind direction for North Dakota during the
Middle Devonian was from the northeast.
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Hematite Dolomudstone Lithofacies can be readily identified on gammaray logs by a high "shale" response (NDGS Well No. 6624; Fig. 12).

The

hematite occurring along laminations in shelf dolomudstones also formed
in a similar manner.

Assuming a possible syndepositional to early

burial alteration, replacement by hematite took place during the
syndepositional 1 or eogenetic 1 stage of diagenesis for shelf
dolomudstones and during the syndepositional 2 or eogenetic 2 stage of
diagenesis for the pinnacle-reef dolomudstones (Tables 11 and 12).

Paragenesis
Some types of diagenesis in the Winnipegosis Formation began as
soon as the sediment had been deposited (syndepositional stage) and
continued into or through early burial (eogenetic stage).

Those

features that affected Winnipegosis rocks include (Table 12):
biological diagenetic features such as bioturbation, boring, formation
of fecal pellets, complete micritization of grains, and formation of
micrite rims; soft-sediment deformation; precipitation of void-rimming
cements including short and long, isopachous, calcite cements, and
micrite-calcite cements; some compaction features such as dewatering
and degassing of supratidal sediments, dewatering of subtidal
sediments, contact solution between touching allochems, and fracturing
of allochems; growth of displacive anhydrite; and some types of
replacement that include syndepositional dolomite on tidal flats,
primary and syndepositional replacement in the evaporite basin,
replacement by ankerite, growth of celestite and pyrite, and
replacement by silica and hematite.
Sediments that were deposited during the Fifth Episode of
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deposition were affected by syndepositional (2) and eogenetic (2)
stages of diagenesis, which include the following features affecting
Winnipegosis rocks (Table 12): biological diagenesis of the new
sediments, growth of pyrite and hematite, and neomorphism of those
sediments.
Other diagenetic features began during early burial (eogenetic
stage) and continued into deep burial (mesogenetic stage).

Those

features that affected Winnipegosis rocks include (Table 12):
precipitation of equant-calcite cement; inversion of allochems and
matrix from aragonite and Mg-calcite to calcite; neomorphism of mud to
micrite, and formation of peloids and syntaxial overgrowths; and
compaction features due to dissolution such as stylolites,
microstylolites, and solution seams.
Some diagenetic features were formed because meteoric influx
produced a mixed zone and because evaporation resulted in precipitation
and settling of gypsum crystals that produced a hypersaline fluid
capable of dolomitization during the telogenetic stage.

Those features

that affected Winnipegosis rocks include (Table 12): dissolution of
aragonite or other carbonates, recrystallization neomorphism, and
early-secondary dolomitization.
Some diagenetic features formed by deep burial (mesogenetic
stage).

Those features that affected Winnipegosis rocks include (Table

12): cementation by dolomite, anhydrite and halite; neomorphism of
micrite to microspar and microspar to pseudospar; stylolitization,
fracturing and faulting; and replacement by late-secondary dolomite and
by anhydrite.

r

POROSITY AND OIL POTENTIAL

Introduction
Newly deposited carbonate sediments commonly have as much as 40 to
70 per cent porosity; however, most ancient carbonates have only a few
per cent porosity (Pray and Choquette, 1966; Shinn and Robbin, 1983).
In general, porosity tends to decrease with depth of burial (Scholle
and Halley, 1985); and preservation of effective primary porosity under
deep-burial conditions is the exception rather than the rule (Moore,
1979).

Primary porosity is commonly destroyed by the precipitation of

cement (Shinn and others, 1977) that ultimately produces a low porosity
and low permeability, dense limestone (Shinn and Robbin, 1983).
However, secondary porosity can be created by dissolution and
dolomitization.

Secondary-porosity development depends upon a

condition of high primary porosity that was initially present to allow
fluid movement through the sediment (Bebout, 1979).

To predict

porosity in subsurface carbonates, several factors must be considered
including: (1) the depositional environment where depositional porosity
is generated, (2) the early, diagenetic environment where the porosity
can be enhanced, preserved, or occluded, and (3) the burial history and
associated diagenetic changes (Harris and others, 1985).
Fifteen types of porosity have been classified by Choquette and
Pray (1970).

They include fabric-selective types such as

interparticle, intraparticle, intercrystal, moldic, fenestral, shelter,
and growth-framework; types that are not fabric-selective such as
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fracture, vug, channel, and cavern; and those types that may or may not
be fabric-selective, which include breccia, boring, burrow, and
shrinkage.

In the Winnipegosis Formation, many of these types of

porosity have developed.

Usually several types of porosity have formed

in each lithofacies, but the types of porosity present or formerly
present may be very diverse from lithofacies to lithofacies.

However,

since several important types of porosity are fabric selective and,
therefore, lithofacies selective, pore-space generation or occulusion
of individual depositional lithofacies may be important in the tracing
of present types of porosity and in the prediction of oil potential.
The diagenetic changes that have occurred in rocks of the
Winnipegosis Formation have generally reduced the initial amount of
primary pore space.

However, dissolution creating moldic and solution-

vug porosity, and early- and late-secondary dolomitization, creating
intercrystal porosity, have produced secondary porosity and increased
permeability in Winnipegosis rocks.
The diagenetic changes that affect the types of porosity and their
effects upon individual lithofacies found within the Winnipegosis
Formation have been discussed in the previous chapter.

The types of

porosity that existed at any time in Winnipegosis rocks are discussed
in the present chapter.

The discussion includes how and when each type

of porosity was initially formed, how it was altered, the degree and
time of alteration, the present nature of each type of porosity, in
which lithofacies each type has been found, and the oil potential of
each type, as data permits.

Table 13 illustrates for each lithofacies

the types of porosity and ranks its presence as rare, common, or
abundant; those occurrences that are important for reservoir potential
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TABLE 13
SUMMARY OF TYPES OF POROSITY FOUND IN EACH LITIIOFACIES
TYPES OF POROSITY
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R
2 A C
A
1 • mudstone to packstone texture; 2 • grainstone texture

R
R

R

R

A
R

Coral, Stromatoporoid
Packstone (Sb-8)

R

C

R

C

R

R

R

R

C

Peloid Packstone (Sb-2)

C

R

R

C

R

R

Stromatoporoid, Tabulate Coral
Boundstone (Sb-1)

R

A*

C*

R

R

Codiacean Algae, Calcisphere
Packatone (Sb-6)

C

R

C*

R

R

A*

A*

C*

A•

R

Porous Doloatone (Sb-3)
Pisoid Doloatone (Vad-2)
C

Solitary Coral Wackestone
(Sb-11)

R

C
C

R

C

Oatracode, Calcisphere
Packatone (Sb-7)

R

R

-

C

R

Amphipora Wackeatone (Sb-9)

R

C*

R

R

A

c•

R

C

R

R

C
C

R

R

R

R

A

Dark, Mottled
Dolomudatone (Su-4)

C

R

Hematite Dolomudstone
(Vad-1)

C

R

Algal (Cyanobacterial)
(Su-2)

C

R

C

A

C

R
R

R

R

R

Mottled and Laminated
Dolomudatone (Sb/I/Su)

Ooid, Peloid Packs tone
(Su-3)

I

R

Laminated Mudstone (Sb-10)

Red Algae Packstone (Sb-4)

<I)

R

R

A

C

R

R

A

A

R

Swirled Anhydrite and
Dolomudatone (Su-1)

R

Laminated Dolomudstone
(Sb-13)

C

R

Laminated and Stromatolite
(Sb-14)

R

R

Laminated Anhydrite (Sb-15)

EXPLANATION:

T

R rare, C common, A abundant, - absent;

• important for reservoir potential

R
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are indicated with an asterisk.

Interparticle Porosity
Interparticle porosity is that pore space found between particles.
It forms upon deposition of the particles by currents that had
sufficient strength to have winnowed out mud produced in the
environment (Murray, 1960).
Interparticle porosity has been found in several lithofacies
(Table 13) in rare samples with grainstone textures (Fig. 64A).

This

type of original pore space has been filled with one or two stages of
cement.

The isopachous- and micrite-calcite cements (Fig. 54F) formed

while the sediments were still in contact with marine-phreatic waters
(Folk, 1974; James and others, 1976).

The equant-calcite cement was

precipitated during subsequent deeper burial by interstitial waters
saturated with respect to calcium carbonate (Folk, 1974).

Based upon

present data, there is no potential for oil production from this type
of porosity in Winnipegosis rocks.

Intraparticle Porosity
Intraparticle porosity is that pore space found within particles
or grains.

It is initially created as internal chambers or other

openings within individual or colonial organisms as the organism grew.
Once the soft parts decayed, some or all of the pore space was partly
filled with sediment, or partially to completely filled with cements
(Fig. 64B).

Sediment infill of the open pore space occurred both prior

to cement formation in some cases, or between the first and second
generation of cements in other cases (Fig. 53G).

T

The cements that
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Figure 64
Photographs and photomicrographs of interparticle, intraparticle,
intercrystal, moldic, and fenestral types of porosity.
A.

Photomicrograph of interparticle porosity filled with equantcalcite cement; neomorphic spar also present in allochems (NDGS
Well No. 5280-4712.6). Bar scale equals 1.0 mm.

B.

Photomicrograph of intraparticle porosity in a tabulate coral
(Favosites) with short, isopachous, calcite cement, partial
sediment fill of some pores and equant-calcite cement fill of
remaining porosity (NDGS Well No. 5280-4749.9). Bar scale equals
1.0 mm.

C.

Photograph of intraparticle, intercrystal and moldic porosity.
Much of the larger pore space in the dolostone is moldic porosity;
intraparticle porosity that remains as a "porosity pattern," also
with abundant intercrystal porosity due to dolomitization (NDGS
Well. No. 4918-6603).

D.

Photograph of intercrystal porosity in a dolostone. Some
intraparticle and moldic porosity may also be present (NDGS Well
No. 4918-6656).

E.

Photograph of moldic porosity of a bivalve that remains open; rock
is dolomitized (NDGS Well No. 286-5087).

F.

Photomicrograph of moldic porosity of gastropods and bivalve filled
with equant-calcite spar (NDGS Well No. 4916-12065.3). Bar scale
equals 2.0 mm.

G.

Photograph of fenestral porosity lined with calcite cement and
filled with halite that was removed during sample preparation (NDGS
Well No. 5088-12032B).

H.

Photograph of fenestral porosity filled with anhydrite (NDGS Well
No. 5277-4883).
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filled intraparticle pores included both one generation of equantcalcite spar, which occurred during shallow to deeper burial by
precipitation from interstitial fluids, or two generations of spar
(Fig. 64B) in which the isopachous cement was precipitated by marinephreatic waters and the equant-calcite spar was precipitated as above.
The most common organisms that have intraparticle porosity in
Winnipegosis rocks include tabulate and colonial-rugosan corals,
stromatoporoids, brachiopods, bryozoans, calcispheres, ostracodes,
gastropods, and tentaculitids.

Intraparticle porosity in these

organisms occurs in a variety of lithofacies (Table 13).

Of special

importance, intraparticle porosity which occurs in the Porous Dolostone
Lithofacies produces what has been described as a "porosity pattern."
In this case, as dolomitization proceeded, the coral or stromatoporoid
shells were replaced.

If the intraparticle pores were not filled with

sediment which would also have been altered to dolostone, the size,
shape, and orientation of the pores would be the last recognizable
characteristic of these allochems (Fig. 29E to 31B); pattern."

a "porosity

This type of porosity, in conjunction with others, may be of

special importance in oil potential.

Intercrystal Porosity
Intercrystal porosity is that pore space found between authigenic
mineral crystals.

In Winnipegosis rocks, intercrystal porosity has

formed as the result of dolomitization.

Almost all lithofacies have

been affected to some degree by dolomitization (Table 13); however, it
is of significance in only some lithofacies.
Although dolomitization can reduce, preserve or redistribute

T
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porosity (Harris and others, 1985; Walls and Burrowes, 1985), it tends
to enhance permeability and improve porosity (Davies, 1979).

The

replacement of calcite by dolomite results in approximately a 13 per
cent volume reduction due to the greater density of the magnesium atom
and, therefore, in an increase in porosity (Jodry, 1969).

Secondary

dolomitization is controlled by permeability, composition, and particle
size of the host sediment and is strongly fabric selective.
In Winnipegosis rocks, there are four kinds of dolomite
recognized: (1) syndepositional dolomite replacement of aragonite muds
on tidal flats; (2) syndepositional or primary dolomite that formed on
the floor of an evaporite basin; (3) early-secondary dolomite that
formed by the development of a dolomitizing fluid in an evaporite basin
that penetrated shelf-margin and pinnacle-reef rocks during the
telogenetic stage of diagenesis (the Third and Fourth Episodes); and
(4) late- secondary dolomite that formed during subsequent deep burial
during the mesogenetic stage of diagenesis.

Intercrystal porosity

producd by early- and late-secondary dolomitization has the most
potential for effective porosity for oil potential.
Most intercrystal porosity still remains open (Fig. 64C, 64D),
although dolomite cement might not be able to be differentiated from
dolomite matrix.
porosity.
good.

No other changes have been identified in intercrystal

The reservoir potential of intercrystal porosity is very

Not only would it be a beneficial addition to any other type of

porosity, but it has been significant in production on the western
shelf in both Montana and North Dakota.
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Moldic Porosity
Moldic porosity is that type of porosity that has been formed by
the selective removal of a shell by dissolution.

The identification of

the type of shell dissolved is made on the basis of shape, size, wall
ornamentation, or relict features.

Where solution takes place prior to

the lithification of the sediment, the . overlying sediment collapses
into the void (e.g., Fig. SSH), producing little or no pore space and
thereby little or no evidence that the shell had ever been present
(Dodd, 1966).

Where solution of the skeleton takes place after

lithification, moldic porosity forms.

If cementation has already taken

place, the moldic porosity remains open; but where cementation takes
place after dissolution, the pore space is filled with cement.
In Winnipegosis rocks, some lithofacies exhibit moldic porosity
(Table 13).

Mollusk shells are the most readily identified skeletons

that have been dissolved (Fig. 64E).

In most lithofacies, the

dissolution took place prior to cementation but after lithification.
In many instances, a micrite rim had formed on the shell that, after
dissolution and cementation, outlined the mold (Fig. 64F, SSG).

The

cement precipitated into these former molds was equant-calcite spar
(Fig. SSB).
The waters that caused the dissolution were vadose-phreatic waters
(Dodd, 1966; Moore, 1979) which invaded the Winnipegosis rocks during
the exposure during the telogenetic stage of diagenesis (the Third and
Fourth Episodes).

The calcium carbonate released during telogenesis

was the probable source of much of the cement that completely filled
the mollusk molds (Matthews, 1967).

There are a few instances in which

the moldic porosity still remains open (Fig. 64E).

T
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either the dissolution took place after cementation, or waters
saturated with respect to calcium carbonate never flowed through these
rocks after the dissolution process took place; in most cases, the rock
has been dolomitized.
This type of porosity does not, in itself, present great potential
for oil accumulation, but it, with other types of porosity such as
growth-framework and intercrystal porosity, would augment potential for
oil accumulation.

Fenestral Porosity
Fenestral porosity is that pore space that is composed of
horizontally elongated to globular voids.

It is thought that this type

of porosity formed as space left in the sediment by decay of an algal
mat, by shrinkage of the sediment during drying, or by the accumulation
or escape of pockets of gas or water (Tebbutt and others, 1965; Shinn,
1968).

The gas may have been produced by the decay of organic

material.

In the Winnipegosis Formation, fenestral porosity formed

penecontemporaneously with deposition of tidal-flat sediment (Table
13).

Because organic matter or gas pressure was all that held the pore

spaces open as overlying sediments accumulated, the sediment must have
been lithified to have supported these voids.
All of the former fenestral porosity in Winnipegosis rocks has
been filled with cement that includes a rare, lining, bladed, calcite
spar (Fig. 64G) or, more commonly, void-filling anhydrite (Fig. 64H) or
halite (Fig 34H).

The calcite spar was originally Mg-calcite

precipitated from marine-phreatic waters supplied by subsequent high
tides.

The anhydrite and the halite were precipitated by hypersaline

T
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brines sinking through the sediments by the syndepositional-evaporite
diagenesis of the sabkha or later by interstitial waters that passed
through the overlying Prairie salt and Winnipegosis anhydrite during
shallow to deep burial, dissolving minerals from the evaporites above
and precipitating them lower in the Winnipegosis.
Fenestral porosity has little potential for oil accumulation
because these pore spaces were closed by the time of oil migration,
unless they were not filled with cement until much later.

Shelter Porosity
Shelter porosity is that pore space that is created at the time of
deposition by the sheltering effect of rather large, usually platyshaped allochems (Fig. 65A) that settle with voids beneath them.

These

allochems thus prevent sediment from filling the pore space below the
allochem.

Shelter porosity has been noted in a variety of lithofacies

in Winnipegosis rocks (Table 13).

In all cases, shelter porosity is

now filled with cement and, therefore, has no oil potential.

The types

of cement and the time of its formation are the same as that of other
interparticle porosity shown previously (Fig. 53F).

Growth-framework Porosity
Growth-framework porosity is that pore space that is created by
the in-place growth of a carbonate framework or boundstone.

If

organisms such as corals, stromatoporoids, or stromatolites form across
a void containing no sediments; the growth isolates the void from
future sediment infilling.
Growth-framework porosity is found in Winnipegosis rocks (Table

T
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Figure 65
Photographs and photomicrographs of shelter, growth-framework,
fracture, and solution-vug types of porosity.
A.

Photomicrograph of shelter porosity beneath platy brachiopod shells
filled with equant-calcite cement (NDGS Well No. 505-11156A). Bar
scale equals 2.0 mm.

B.

Photograph of growth-framework porosity (NDGS Well No. 5280-4726).
Up is to the left.

C.

Photograph of growth-framework or fenestral porosity in algal- or
cyanobacterial-trapped sediment (NDGS Well No. 6535-6513/14). Up
is to the left.

D.

Photograph of fracture porosity filled with equant-calcite cement
(NDGS Well No. 6684-7528).

E.

Photograph of fracture porosity filled with halite (NDGS Well
No. 4340-11547).

F.

Photograph of solution-vug porosity with growth-framework porosity
(NDGS Well No. 6535-6552/53).

G.

Photograph of solution-vug porosity in dolomitized pinnacle-reef
rock; some of the smaller pores are intraparticle and intercrystal
porosity (NDGS Well No. 6624-7204).

H.

Photomicrograph of potential solution-vug porosity development: the
sample shown (NDGS Well No. 5279-5102.9) is partially dolomitized
as seen by the light rhombohedra on a dark "matrix" that is
undolomitized rock (stained with alizarin red S for calcite). When
calcite is dissolved from such a rock following dolomitization, the
result would produce solution vugs. Bar scale equals 0.5 mm.
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13) in several lithofacies (Fig. 65B, 6SC, 6SF) from pinnacle reefs and
shelf-margin patch reefs.

Such primary constructional vugs are

abundant in modern reefs (Murray, 1960).

Growth-framework porosity has

undergone a variety of changes in Winnipegosis rocks.

In the patch

reef, the voids are commonly still open or filled with calcite cement,
which probably was precipitated during shallow to deeper burial.
voids are commonly still open in the pinnacle reefs.

The

As dolomitization

of reefs proceeded, diagenesis increasingly obscured identification of
growth-framework porosity.

In some cases, this type of porosity has

been filled with anhydrite or halite cement which were precipitated
from interstitial brines during deep burial.

There is an increase in

potential oil occurrence in growth-framework porosity where the reefs
are dolomitized.

Fracture Porosity
Fracture porosity is that pore space that forms as a result of
fracture of a rock along which there has been little mutual
displacement between the two blocks.

Fractures in carbonate rocks can

originate from solution of an underlying bed, slumping, basin
subsidence, or other kinds of mild tectonic deformation.

The carbonate

body must have been lithified to have fractured.
Fracturing occurs in almost all Winnipegosis rocks (Table 13).
Fractures have cut matrix, allochems, and some cements.

Therefore,

fracturing took place after precipitation of isopachous and micrite
calcite cements but prior to equant calcite (Fig. 65D), anhydrite and
halite (Fig. 6SE) cementation, because some fractures are filled with
the latter minerals.

T
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fractures, but because of the intermittently recurring nature of the
stresses that presumably caused fracturing, probably not all
Winnipegosis fracturing took place at the same time.

Most fractures in

the Winnipegosis have been partly to completely filled with cement
except those in dolomitized rocks that remain open.
Fracture porosity from Winnipegosis limestones has very small
potential for oil accumulation unless oil migration occurred after one
fracture event and prior to one of the stages of cementation; however,
from dolostones, fracture porosity would have provided excellent
permeability.

Solution-vug porosity
The definition of vug porosity has been restricted by Choquette
and Pray (1970) to pores that are somewhat equant or not markedly
elongate in shape, is large enough to be visible with the unaided eye
(diameter greater than 1/16 mm), and is not fabric selective by
conforming in position, shape, or boundaries to particular fabric
elements.

Dissolution may or may not cause these vugs.

kinds of vugs found within the Winnipegosis Formation.

There are two
The first kind

is a solution vug, and the second is similar to the channels found
within Winnipegosis rocks; the latter is discussed with channels in the
next section.
In Winnipegosis rocks, solution vugs (Fig. 65F, 65G) are found
abundantly in some dolomitized rocks (Table 13).

Apparently not all

limestone was replaced; this resulted in small patches of matrix
composed of calcium carbonate (Fig. 65H).

Dissolution by waters from

the meteoric realm (Moore, 1979) then removed the calcium carbonate
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(Murray 1960), resulting in a solution vug.

Most solution vugs remain

open, but some have been partly to completely filled with dolomite
(Fig. 66E), anhydrite, or halite cement.
The solution vugs formed during the telogenetic stage of
diagenesis.

Solution vugs are an important kind of porosity in some

Winnipegosis rocks (Porous Dolostone Lithofacies).

These vugs usually

are associated with dolomitization and its intercrystal porosity, as
well as with moldic and intraparticle porosities.

Together these

diverse types of porosity produce substantial total pore space and good
permeability.

The potential of possible oil accumulation in pore space

of this combination is good.

Vug-channel Porosity
Channels are pores showing marked elongation or which are
continuous in one or more dimensions.

Channels and vugs are similar

because neither is fabric selective.

They differ in shape, but there

may be a gradational transition from one to the other.

The arbitrary

cut off between channels and vugs is at a ratio of length/diameter of
10/1 (Choquette and Pray, 1970).

Because transition of vugs to

channels is gradational, many pores can be found between these extremes
of proportion.

Choquette and Pray (1970) suggested that these

gradational pores be called vug-channels.
Vugs, channels, and vug-channels are all found in Winnipegosis
rocks; however, they are here referred to, collectively, as vugchannels.

Vug-channels are found in two lithofacies (Table 13) from

patch reefs on the shelves and from pinnacle reefs.
vug-channels is indeterminate.

T
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Figure 66
Photograph and photomicrographs of vug-channel, breccia, and shrinkage
types of porosity and SEM photograph of dolomite cement.
A.

Photomicrograph of vug-channel porosity lined with long,
isopachous, calcite cement with centers still open (NDGS Well
No. 6535-6711.6). It was taken with polarized light. Bar scale
equals 1.0 mm.

B.

Photomicrograph of breccia porosity filled with bladed-anhydrite
cement (NDGS Well No. 6535-6711.6). It was taken with polarized
light. Bar scale equals 1.0 mm. Up is to the left.

C.

Photograph of breccia porosity formed by collapse of rocks due to
solution of underlying unit (NDGS Well No. 4992-6843). Up is to
the left.

D.

Photomicrograph of shrinkage porosity in laminated dolomudstone;
mud cracks filled by overlying sediment (NDGS Well No. 49926882.2). Bar scale equals 2.0 mm.

E.

Scanning electron photomicrograph of dolomite cement lining a
solution vug in dolomudstone (NDGS Well No. 4918-6534.4). Bar
scale equals 100 microns.
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as growth-framework, as molds, or by dissolution.

However, the most

likely origin is growth-framework formed by blue-green algae with the
algae not preserved.

Regardless of their origin, vug-channels were

formed penecontemporaneously with deposition or soon afterward.
are prominent in most rocks of the reef lagoon.
substantial part of the rock (Fig. 54C).

They

They can make up a

Many of these former voids

have been partially to completely filled with long, isopachous, calcite
cement which lines the vug-channels (Fig. 65D).
This cement was precipitated by marine phreatic waters pumped
through the reef soon after deposition of the sediments (James and
others, 1976).

In some cases, the cement fills the pore; but,

especially in larger areas of vug-channels, cement growth ceased prior
to complete void-filling, leaving a void that commonly remains open
(Fig. 54A, 54B, 54D).

However in some cases, the vug-channels were

filled with dolomite cement that was precipitated from interstitial
brines during shallow to deep burial.
The potential for oil occurrence in these vug-channels is moderate
in pinnacle reefs that have not undergone pervasive dolomitization, but
the potential occurrence increases greatly as vug-channel porosity is
joined by other types of porosity associated with dolomitization.

Breccia Porosity
Breccia porosity is that pore space that is found between clasts
in a breccia.

Carbonate breccias have diverse origins that include

deposition of angular clasts or fracturing of previously deposited rock
(Fig. 66B, 66C).

Fracturing may be due to desiccation, solution-

induced collapse, faulting, or some other tectonic event.

T
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There are two kinds of breccia in Winnipegosis rocks (Table 13),
but only one of these (Fig. 66B, SSD) has any pore space associated
with it.

This kind of breccia occurs in syndepositional dolomites and

is due to either desiccation or to displacive growth of evaporite
crystals.

The breccia porosity is now completely filled with anhydrite

cement that was precipitated from interstitial brines during subsequent
burial.

The breccia porosity has no potential for oil accumulation.

Boring Porosity
Boring porosity is that pore space that is formed in relatively
rigid allochems or rock by boring organisms.

This is in contrast to

burrowing porosity that forms in unconsolidated sediments.

Modern

borings can be created by a variety of organisms such as bivalves,
sponges, or echinoids.

Borings can penetrate shells, desiccated

sediments, hardgrounds, or previously buried carbonate rocks brought to
the surface during the formation of an unconformity.
The only borings recognized in Winnipegosis rocks are bored
hardgrounds and bored allochems that have occurred in a variety of
lithofacies (Table 13).

These bored grains are of two kinds: grains

that have developed micrite rims (Fig. SSG) and grains with distinct
larger borings (Fig. 53C, 53D).

However, in all cases, the borings

have been filled with micrite cement or sediment.

Therefore, the

boring porosity has little potential for oil accumulation in
Winnipegosis rocks.

Burrow Porosity
Burrow porosity is that pore space that is created by organic
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burrowing into relatively unconsolidated sediment soon after its
deposition.

Pore space created by burrowing is rare because most

burrows collapse, are filled by sediment from above, or are back-filled
by the burrowing organism itself.
Burrows in Winnipegosis rocks are identified by the change in
color or texture and are found in a variety of lithofacies (Table 13).
The burrow fillings tend to be loosely packed and, therefore, to have
greater permeability than unburrowed matrix.

Probably for this reason,

in many cases, the burrows are preferentially dolomitized (Beales,
1958) creating intercrystal porosity (Fig. 53A).

In Winnipegosis

rocks, here really is no burrow porosity, as such, but, rather,
intercrystal porosity due to dolomitization that is generally confined
to areas of bioturbation.

In some instances, in the "transitional"

unit (lowest part of rocks deposited during First Episode) in the
Winnipegosis, dolomitization extends beyond the burrows into the host
rock forming a dolomite aureole which surrounds the original burrow
(Fig. 9F).
Most of the dolomitization took place during the telogenetic stage
of diagenesis (the Third or Fourth Episodes).

Only the permeable

burrows allowed dolomitizing fluids to percolate through these shelf
rocks.

The amount of dolomitization increases as the bioturbated area

increases or as the permeability of the host rock increases.

The

potential for the accumulation of oil in burrow-intercrystal porosity
is not great, but it becomes better as more of the rock is dolomitized.

Shrinkage Porosity
Shrinkage porosity is that pore space that occurs by shrinkage of
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the sediment.

Shrinkage can occur due to the drying of, or expelling

water from, the sediment.

This is most readily seen in fine-grained

sediment that forms polygonal mud cracks.

Shrinkage can also occur

under certain circumstances in aqueous environments.
Shrinkage porosity is found in Winnipegosis rocks (Table 13) due
to desiccation of sediment following deposition but prior to renewed
sedimentation.

It has occurred in the high-intertidal to supratidal

dolomudstones (Fig. 66D, 34G).

Most of the mud cracks were filled with

new sediment at the next inundation, but some remained open.

These

latter pores have been filled with equant-calcite spar during shallow
to deep burial.
A second case of possible shrinkage or fracture porosity occurs in
early cemented nodules (Fig. 54H).
not been affected.

The surrounding host sediment has

The shrinkage must have occurred at some depth of

burial but prior to complete lithification because of the difference
seen between the nodules and host sediment.

This shrinkage porosity

has also been filled with equant-calcite spar during shallow to deep
burial.

There is no potential for oil occurrence in either kind of

shrinkage porosity.

T

SUMMARY OF CONCLUSIONS

1.

Deposition of the Winnipegosis Formation in North Dakota was

similar to that of the rest of the Elk Point Basin.

2.

Based on lithology or log characteristics, several "special" units

were identified from the Winnipegosis Formation including "shale,"
"transitional," "breccia," "hematite," and "mixed-zone" units.

3.

The sequence of lithologies near the contact of the Winnipegosis

Formation with the Prairie Formation or the "Second Red Bed" (Dawson
Bay Formation) varies in different parts of the Basin.

4.

Based on examination of over 915 metres (3000 ft) of core and of

1043 thin sections, twenty-two lithofacies were identified from
Winnipegosis rocks belonging to seven environments of deposition that
include deep-basin, deep-shelf, shallow-shelf, reef, lagoon,
tidal-flat, and evaporite-basin environments.

5.

Sediments that formed in a Deep Basin Environment were deposited

in deep water, below wave base, and under dysaerobic conditions;
sediments that formed in a Deep Shelf Environment were deposited in
shallower water, below wave base, and under slightly less restricted
conditions.

Sediments that formed in a Shallow Shelf Environment were

deposited on a gently sloping, marine shelf, in normal marine waters,
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with low to moderate energy conditions, at and below wave base.

There

were periods of rapid deposition of mud that hindered sustained growth
of corals and stromatoporoids, killing individuals before a rigid reef
structure could become established.
higher-energy areas.
highs on the shelf.

A Reef Environment formed in

Patch reefs formed at the shelf margin and on
Atoll-like, pinnacle reefs formed in the deep

basin and on the basin slope in areas where carbonate production was
sufficient to keep pace with rising sea level.

An organic-reef rim

developed on the windward side of pinnacle reefs, sheltering a reef
lagoon.

In a Lagoon Environment, the entire range of normal- to

restricted-marine conditions became established.

Patch reefs developed

in the back-reef lagoon where water turbulence was sufficient for the
development of reef organisms.

These patch reefs were surrounded by

shallow-shelf and lagoonal lithofacies.

A Tidal Flat Environment

developed landward of the shelf Lagoon Environment and over sites of
former pinnacle reefs after the inter-reef basin was filled with
sediment.

Rocks of the Evaporite Basin Environment record a

progressive increase in salinity and progressive shallowing of water
depths because of evaporative drawdown in the deep, inter-reef basin.

6.

Tabulate corals and isolated tabular and domal stromatoporoids

formed biostromes on the shelves; and domal and encrusting
stromatoporoids formed patch reefs at the shelf margin and within the
"back-reef" shelf lagoon and formed pinnacle reefs in the deep basin.
Codiacean algae was the major constituent of pinnacle-reef lagoons.
Recognition of these organisms is necessary to identify altered
Winnipegosis reef rocks.

l

However, in areas of severe dolomitization,
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patterns of porosity is all that remains.

7.

Reefs rather than grainstones tended to form under agitated

conditions; and most reefs, with early cementation, were stratigraphic
reefs (Dunham, 1970).

With growth of the reef to sea level or with

slight fluctuations in sea level, intermittent vadose conditions
developed, followed by continued reef growth.

Eventually, reef growth

to sea level or a fall of sea level coupled with increased salinity
caused a cessation of reef growth.

8.

Rocks of the Winnipegosis Formation were not deposited

continuously everywhere; some Winnipegosis rocks were deposited
laterally of rocks of the Prairie Formation.

Deposition of these

formations occurred during six episodes; the First Episode was the
earliest and the Sixth Episode was the latest.

9.

There was a rapid initial transgression at the beginning of the

First Episode, followed by relative constant, moderate, sea-level rise
or subsidence during the rest of the First Episode.

Early during the

Second Episode, a sharp increase in the rate of sea-level rise or
subsidence caused the differentiation of the Basin into a deep basin
with pinnacle reefs and a peripheral shelf.

Basin differentiation was

maintained during continued deepening at a lesser rate.
began late in the Second Episode.

A regression

The fall in sea level coupled with

an arid climate produced evaporative conditions.

During the Third and

Fourth Episodes, the inter-reef basin was filled with evaporites; then
during the Fifth and Sixth Episodes, minor sabkha carbonates and halite

1
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with potash beds covered the Basin.

10.

Based on interpretations from mechanical logs, beds formed during

the First Episode were deposited in the central, deepest part of the
Basin and pinch out laterally.

Widespread, thin, carbonate rock units

of fairly uniform lithofacies and biofacies, that formed during the
First Episode, represent slow sedimentation with open circulation but
not much progradation.

These rocks indicate a basin-wide development

of a relatively uniform, shallow-marine shelf with a sea floor of very
little relief.
During the Second Episode, the sea transgressed to its maximum
extent.

Beds that formed at that time overstep the beds deposited

previously.

The Basin differentiated into a central, deep basin with

pinnacle reefs and a peripheral shelf.

Carbonate production was able

to keep pace with the relatively rapid rise in sea level on the reefs
and shelves but not in the deeper basin.

The area which became the

inter-reef basin was below wave base prior to basin differentiation.
Carbonate production lessened and eventually ceased as sea level rose.
Lime mud from upper waters settled or was transported by intermittent
turbidity currents to the basin floor where dysaerobic conditions
prevailed.

Based upon comparison of logs and cores from nearby

pinnacle-reef and deep-basin wells, the inter-reef basin was
approximately 91 metres deep at end of the Second Episode.

Regression

began near the end of the Second Episode.
During the Third and Fourth Episodes, deposition was restricted to
the deep, inter-reef basin.

The development of the Presqui'le barrier-

reef complex across the mouth of the Elk Point Basin in northwestern

l
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Canada restricted access to the open ocean that, with a fall in sea
level, allowed development of an evaporite basin.

Dysaerobic

conditions, which began in the Second Episode, continued as the water
increased in salinity.

Evaporative drawdown produced a substantial

drop in water depth within the basin; this caused exposure of the
shelves and the upper part of pinnacle reefs.

The inter-reef basin was

filled with evaporites to the top of the pinnacle reefs by the end of
the Fourth Episode.
During the Fifth Episode, coastal sabkhas developed around and
over the exposed tops of former, pinnacle reefs and shelf margins.
Halite continued to be deposited elsewhere.

During the Sixth Episode,

halite with intervals of potash filled the remainder of the Elk Point
Basin.

11.

Six stages of diagenesis affected rocks of the Winnipegosis

Formation.

The syndepositional 1 and eogenetic 1 stages of diagenesis

affected sediment that was deposited during the First, Second, and
Third Episodes.

The processes that operated during early diagenesis of

Winnipegosis rocks included the following: biological diagenesis,
soft-sediment deformation, precipitation of void-rimming cements,
contact solution and fracturing between touching allochems, growth of
displacive anhydrite, replacement by syndepositional dolomite on tidal
flats and in the evaporite basin, and replacement by ankerite,
celestite, pyrite, silica, and hematite.
The telogenetic stage of diagenesis affected rocks that are
located at the shelf margin and on the pinnacle reefs during exposure
that occurred during the Third and Fourth Episodes.

T

Several diagenetic

---------
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processes, including dissolution of aragonite, neomorphism, and
early-secondary dolomitization, occurred during the telogenetic stage
due to minor development of a mixing zone and to the development of
hypersaline fluids in the evaporite basin capable of dolomitization.
Sediments that were deposited during the Fifth Episode were
affected by syndepositional 2 and eogenetic 2 stages of diagenesis,
which include biological diagenesis and neomorphism of the new
sediments and formation of pyrite and hematite.
The mesogenetic stage of diagenesis affected all Winnipegosis
rocks during deep burial.

Other diagenetic processes began during

early burial (eogenetic stage) and continued to deeper burial
(mesogenetic stage) including precipitation of equant-calcite cement,
inversion of allochems and matrix from aragonite and Mg-calcite to
calcite, neomorphism of lime mud to micrite with formation of peloids
and syntaxial overgrowths, and stylolite development.

Several

diagenetic processes occurred during deep burial (mesogenetic stage)
including cementation by dolomite, anhydrite, and halite; neomorphism
of micrite to microspar and microspar to pseudospar; stylolitization,
fracturing, and faulting; and replacement by late-secondary dolomite
and by anhydrite.

12.

The types of porosity that remain open include some intraparticle,

moldic and growth-framework, and most solution-vug and intercrystal
porosity.

The areas of the shelf margin and pinnacle reefs that

underwent dissolution and were dolomitized during exposure are those
most likely to have preserved porosity and, therefore, those that have
the greatest potential for oil accumulation.

T
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APPENDIX A
LEGAL DESCRIPTION AND I.DCATION OF WELLS USED IN THIS STUDY

l

LEGAL DESCRIPTION AND LOCATION OF WELLS USED IN THIS STUDY
The legal name of the well includes two parts: the company that
first drilled the well and the well name that is the property owner(s).
The location of the well is given by the Standard Land Office Grid
System; the legal description follows the convention illustrated by the
following example: NW SE 2-163-90 stands for the northwest quarter of
the southeast quarter of the given section, township, and range. All
townships in North Dakota are north and all ranges are west of the
principal baseline and meridian.
The wells used in this study are arranged first alphabetically by
county and then numerically by North Dakota Geological Survey well
number within each county.
Well No. Location

Well Name

Operator
ADAMS (X)UNTY

7939

SESW 32-131- 98

Amoco Prod. Co.

Hirsch #1

BENSON COUNTY
632

NWSE 31-154- 70

Calvert Drilling Co.

Stadum #1

BILLINGS COUNTY
291 NWNE 9-139-100 Amerada Pet. Corp.
555 SESE 17-143-100 Amerada Hess Corp.
859 SWNE 31-144-100 Texaco, Inc.
1678 swsw 2-139-101 Amerada Pet. Corp.
2853 NENE 5-143-101 Shell Oil Co.
- Northern Pacific
3268 NESW 10-139-101 Amerada Pet. Corp.
3746 swsw 10-138-100 Davis Oil Co.
3927 NWNE 21-139-101 Amerada Pet. Corp.
4254 SENW 28-137-100 Pan American Pet.
4833 NENW 34-141-100 Watkins - Mesa Pet.
5195 SENE 2-137-100 Lone Star Prod. Co.
6140 NWSW 36-142- 98 Gulf Oil Corp.
6169 NWNW 25-143-101 Tenneco Oil Co.
6228 NWSE 3-144- 98 Gulf Oil Corp.
6303 NESW 29-143-100 Tenneco Oil Co.
6310 SENW 6-144-101 Supron Energy Corp.
6341 NWNW 33-143-100 FU CE, Inc.
6378 SENE 30-143-100 Tenneco Oil Co.
6470 SWSW 15-142- 98 Gulf Oil Corp.
6512 NENE 8-141- 98 Gulf Oil Corp.
6543 SESE 30-143-100 Tenneco Oil Co.
6579 SWNW 32-143-100 W. H. Hunt Trust Est.
6647 SESE 28-143- 98 Amoco Prod. Co.
6667 NENW 36-143- 98 Mosbacher - Pruet Oil
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T

May Unit #1
NW I (NP) #1
Gov't. - Pace #1
Scoria Unit #2
Gov't. #41X-5-1
Scoria Unit #8
Kevin - Federal U. #1
USA - Hodge #1
USA - Macauley "B" #1
Federal #1-34
Schwartz "B" #1
State SL #2-36
Bur. No. #1
Zabolotny #1-3-4-A
Bur. No. #1-29
F-6-144-101 #1
Federal #4-33
Johnson #1-30
Schmidt #1
Kordonowy #1
Federal #2-30
Kordon #1
Kadrmas #1
State - Gresz #1-13-lB
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Well No. Location
6689
6697
6744
6756
6868
6913
6921
6936
7012

SENE 23-141-101
SESE 9-143- 99
NENW 22-142- 99
NWNW 20-142-100
NENE 1-141-101
SENW 9-143- 99
NWNE 7-142-100
NWSE 6-142-100
NENW 30-141-100

7021
7065
7086
7265
7307
7308

swsw 12-141-101
NESW 35-142-100
NESW 1-141-101
swsw 30-144-100
SENE 22-143- 99
swsw 13-144-101

7309
7334
7348
7384
7419
7451

NWSE 2-141-101
SWNW 29-142-100
swsw 2-143- 99
NWNW 23-142- 98
NESW 17-142-102
SENW 31-143-102

7466
7508
7516

SWNW 34-141- 98
Lt 5 2-140-100
SWSE 17-142-100

7520
7527
7567
7574
7586
7591
7600
7618
7652
7690
7924
7928
8025
8075
8079
8155
8242

NENE
NESW
NENE
NENW
SWSE
NENW
SENW

NWNW
NWNW

21-143- 99
9-141-102
22-144-102
2-137-100
16-142- 98
9-142-102
11-144-101
3-142- 99
4-142-102
19-143-101
29-142-100
8-142-100
29-142-101
8-142-101
34-143- 99
6-144-101
23-143-100

8337
8391
8487
8558

NESE
NWSW
SESE
NWSE

30-141-102
26-141-100
13-143-102
29-144- 99

NWNE
SWSE

swsw

CS2
NESE
SESW
NESE
SESW

Operator
Jerry Chambers
Amoco Prod. Co.
W. H. Hunt Trust Est.
Tenneco Oil Co.
Getty Oil Co.
Amoco Prod. Co.
Tenneco Oil Co.
Koch Expl. Co.
Al-Aquitaine Expl.

Well Name

State #2- 23
Kessel #1
Klebechuk - FLB #1
Egly #1-20
Mystery Creek #1-1
Thompson #1
Stuart #1-7
Federal - Kordon #10-6
30-141-100 Thompson
#1-30
Jerry Chambers
Federal #1-12
Supron Energy Corp.
F-35-142-100 #1
Getty Oil Co.
Mystery Creek #1-11
Koch Expl. Co.
Federal #13-30
Amoco Prod. Co.
Knudtson - State #1
Amoco Prod. Co.
Northrop - Fed.
#A-1-13
Tenneco Oil Co.
Meschke #2-2
Amoco Prod. Co.
Stevens - Fed. #B-2-29
Amoco Prod. Co.
Hecker #1
Crystal Oil Co.
Kuntz #11-23
Diamond Shamrock Corp. Mackoff #23-17
Gas Prod. Enterprises 31-143-102 Burl.
- Al-Aquitaine Expl.
No. #1
Mosbacher - Pruet Oil Volesky #34-1
Conoco, Inc.
Fed. - Saddle #2
Amoco Prod. Co.
Stevens - Federal
"A" #1-17
Amoco Prod. Co.
Knudtson #1
Al-Aquitaine Expl.
9-141-102 us #1-9
Apache Corp.
Federal #1-22
Tom Brown, Inc.
Schwartz #2-21
Crystal Expl. & Prod. Schmidt - State #34-16
Diamond Shamrock Corp. Shapiro #21-9
Koch Expl. Co.
Federal #6-11
W. H. Hunt Trust Est. Baranko #1
Diamond Shamrock Corp. Federal #34-4
Jerry Chambers
Blacktail - Fed. #3-19
Amoco Prod. Co.
USA - Armor #3
Amoco Prod. Co.
USA - Anderson #1
Tenneco Oil Co.
Wirthlin #1-29
Conoco, Inc.
Federal - Hanson #1-8
W. H. Hunt Trust Est. Demaniow #1
Supron Energy Corp.
F-6-144-101 #2
Coastal Oil & Gas
23-143-100 Yourk #1
- Al-Aquitaine Expl.
Patrick Pet. Co.
Harris - Fed. #1-30
Supron Energy Corp.
F-26-141-100 #2
Conoco, Inc.
Blacktail #13-1
Amoco Prod. Co.
Thompson "B" #1-A

385
Well No. Location

Operator

Well Name

BOTI'INEAU COUNTY
38 SWSE 31-160- 81 California Oil Co.
64 SWNW 18-163- 77 Hunt Oil Co.
110 NWNW 23-163- 75 Lion Oil Co.
170 SESW 2-163- 77 Lion Oil Co.
286 SWNE 32-164- 78 Lion Oil Co.
359 SWSE 36-164- 74 Ward - Williston Dril.
524 SENW 19-161- 81 Dakota Oil Co.
1069 NWNW 1-159- 82 Cardinal - Kaufman Great Plains
1102 SWNE 2-161- 74 Cardinal Pet. Co.
1968 SWNW 30-163- 78 Calvert Drilling Co.
2219 SESW 6-161- 79 California Oil Co.
2596 SENW 19-160- 80 Phillips Pet. Co.
2638 SWSE 12-162- 78 Phillips Pet. Co.
3827 SESE 20-162- 78 Amerada Pet. Corp.
4192 NESW 5-160- 81 Continental Oil Co.
4347 NESW 9-163- 78 Cardinal Pet. Co.
4362 SENW 11-160- 81 Chevron Oil Co.
4655 SESW 31-162- 78 Amerada Pet. Corp.
4670 NESE 1-161- 80 Gen. Am. Oil Co. Tx.
4790
4844
4846
4918
4924
5071
5141
5147
5184
5277
5280
5692
6021
6126
6257
6535

SESE
NESW
NENW
NWSW
NENE
NWSW
SWNE
SESW
SENE

swsw
swsw

NENW
SWNW
SWNW
SWNW
NENE

20-15915-1618-16333-1612-16134-16033-1642-16014-16211-16224-16132-15927-16136-16334-1612-161-

81
81
81
82
81
81
77
82
77
77
76
82
82
80
82
83

Thompson #1
Olson #1
Huss #1
Magnuson #1
Erickson #1
State #1
Anderson #1
Keeler #1

Andrieux #1
Hanson #1
Henry #4
Brandt #1
Brandvold #1
Stark #1
Thompson, etc. #1
Ekrehagen Estate #1-A
Rogers #1
Lillestrand #1
Unit- Henry
#1-1 (161-80)
Union Oil Co. of Cal. Steen #1
Gen. Am. Oil Co. Tx.
Sausker #1-15
Cranston #1
Lamar Hunt
Adams #1
Marathon Oil Co.
Union Oil Co. of Cal. Huber #1-A-2
William G. Hetis Est. Van Horn, etc. #1
Carl #1-X
Gemini Corp.
Richerson Oil Co.
Streich #1
Dunbar #1-42-14
Champlin Pet. Co.
Tonneson #1
McMoron Expl. Co.
Deraas #1
McMoron Expl. Co.
Brooks #1
Kirby Expl. Co.
Cities Service Oil Co. Rice #1
Placid Oil Co.
Rosendahl #36-5
Cities Service Oil Co. Kirby #A-1
Greek #41-2
Shell Oil Co.

BURKE CDUNTY
NT M Unit #G-25
Gagnum #1
Holte - Bank of
North Dakota #1
33-164- 90 Chandler & Asso., Inc. Wilson #2-33
Sonflot Heirs Unit #1
30-161- 94 Home Pet. Corp.
3-161- 90 Chandler & Asso.~ Inc. Ewing #3-3
Priebe - State #1
5-161- 94 North Central Oil

2033
2800
5161

SWSW 30-160- 94
SWNW 13-163- 89
NENW 31-161- 94

5908
5919
5956
6607

NWNE
SESW
NENW
NENE

T

Hunt Oil Co.
Amerada Pet. Corp.
Phillips Pet. Co.
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Well Name Location
6802

SWNW 24-160- 93

Operator

Well Name

B.W.A. & B.

Western Inv. Co.
#24-12

BURLEIGH COUNTY
151
763
4389
4685

swsw

18-140- 80 Hunt Oil Co.
SESE 14-144- 77 Caroline Hunt Trust E.
SWNE 33-141- 80 Tom Vessels
swsw 19-140- 80 E. C. Johnston, Inc.

Kleven #1
Novy #1
Bourgois #1
Edwards #1

CAVALIER COUNTY
27
37
2521

NWNW 28-159- 63

Union Oil Co. of Cal.
Union Oil Co. of Cal.
- Los Nietos
NESE 35-161- 62 Amerada Pet. Corp.

SWNW 26-162- 64

Skjervheim #1
Restao #1
Loewen T - 1 #1

DIVIDE COUNTY
548
1443
1546
2010
4423
4825
4837
5009
5135
5192
5246
5248
5404
5535
5989
6429
6541
6603
6652
6673
6705
6751
6798
6864
6900
7087
7116
7395
7863
7942
8461
8495

SWNW 11-160- 98
SWNE 6-162- 96
NENW 34-162-101
NWNE 7-163-102
NWSW 26-162-101
NESW 34-162-101
SWNE 12-160-100
NESE 35-160- 96
CNW 29-161- 95
NENE 3-160- 95
NENE 5-161- 95
NENE 10-160- 98
NWSE 23-163- 99
NWSW 24-160- 96
NESE 31-164- 95
SWSE 26-162-103
SENE 13-162-100
swsw 36-160- 96
NWSW 27-162-101
NESW 30-160-102
SWSE 25-161-103
NWNW 3-161-101
NESE 16-162- 96
SWNW 30-161-102
SESW 25-161-103
SESW 18-163- 95
NESW 24-160- 99
SENW .12-161- 95
NESE 25-161- 95
NWSE 19-160- 97
SENE 31-160-102
SWSE 14-163- 99

T

Pure Oil Co.
Dahamont Expl. Corp.
Kerr McGee Corp.
Carter Oil Co.
Pan American Pet. Cor.
Trend Expl. Co.
Miami Oil Prod., Inc.
Consolidated O & G Co.
Ashland Oil, Inc.
H. L. Hunt
Shell Oil Co.
Oil Dev. Co. of Tx.
Tiger Oil Co.
Trend Expl. Co.
Moncrief & Westhoma
W. H. Hunt Trust Est.
Tipperary O & G Corp.
Chapman Expl., Inc.
Southland Royalty Co.
Hunt Trust Estate
Mosbacher - Pruet Oil
Patrick Pet. Corp.
Shell Oil Co.
Mosbacher - Pruet Oil
Mosbacher - Pruet Oil
Shell Oil Co.
Terra Resources, Inc.
Keldon Oil Co.
Home Pet. Corp.
W. H. Hunt Trust Est.
W. H. Hunt Trust Est.
Texas Int'l Pet. Co.

Gunderson #1
Jacobson #1
Johnson #1
Moore #1
Raaum #1
Johnson, etc. #1
Hagen #1
Myer, etc. #1
Fenster #1-29
Ericson #1
Tanberg #1
Rogers #1
Mathews #1-23
Vatne, etc. #1
Keba Oil & Gas #31-1
Skabo #1
Olsen #1
State #1-A
Raaum #1
Nelson #1
Anderson #1
Johnson #1
Rindel #43-16
Anderson - State #30-1
Haugen #25-1
Svangstu #24-18
Federal #1-24
Zimmerman #1
Kjelshus #1
Rosten #1
Fischer #1
Bakke #1
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Well No. Location
8498
8561
8682

Operator

NWNW 22-162-101 Southland Royalty Co.
NESW 12-161-101 Tenneco Oil Co.
NWNE 36-161-103 Patrick Pet. Co.

Well Name
Raaum #1-22
Riveland #1-12
State #1-36

DUNN COUNTY
505
793
2400
2618
2724
3044
4220
4611
4725

SENE 6-141- 94
SENW 22-149- 91

Socony - Vacuum Oil
Mobil Production Co.

SWSE
SWSE
NESE
NENE
SWNE

Amerada Pet. Corp.
Pan Am. Pet. Corp.
Amerada Pet. Corp.
Amerada Pet. Corp.
Sinclair O & G Co.
Helmerich & Payne
Kathol Pet., Inc.
- Tiddens Pet. Co.
Miami Oil Prod., Inc.
Mesa Pet. Co.
Alpar Resources, Inc.
Amoco Prod. Co.
Gulf Oil Corp.
Gulf Oil Corp.
Amoco Prod. Co.
Amoco Prod. Co.
Amoco Prod. Co.
Amoco Prod. Co.
True Oil Co.
Supron Energy Corp.
Amoco Prod. Co.
True Oil Co.
Smokey Oil Co.
Gas Prod. Enterprises
- Al-Aquitaine O & G
Amoco Prod. Co.
Anadarko Prod. Co.
Amoco Prod. Co.
Al-Aquitaine O & G Co.
Amoco Prod. Co.
Amoco Prod. Co.
Hamilton Bros., etc.

10-14815-14515-14827-14313-145swsw 36-146SWSE 24-148-

96
91
96
92
94
96
97

4957 NWNW 8-147- 93
5621 NENW 23-142- 97
5887 swsw 8-144- 92
5971 NENW 6-145- 94
6034 NWNW 32-145- 97
6082 SENW 18-145- 97
6086 NENE 7-145- 94
6104 SENE 6-145- 94
6105 SWNW 11-146- 96
6148 swsw 2-141- 96
6182 NENW 21-146- 94
6186 SENE 29-148- 97
6348 NENE 1-145- 95
6396 NESW 7-141- 97
6448 NWNW 24-146- 94
6464 NWSE 19-147- 95
6489 NENE 30-144- 96
6492 NWNE 35-145- 91
6530 SENE 18-141- 95
6582 NESW 8-148- 95
6591 NWNW 35-143- 94
6605 NESE 11-146- 96
6623 SESW 22-147- 96
6886 SWSE 3-141- 96
6887 SWNE 35-146- 95
6967 NENE 34-147- 96
6994 SWNW 13-147- 96
7214 SESE 33-149- 92
7346 SENE 7-144- 92
7360 NENE 31-142- 96
7412 SWNW 18-145- 93
7420 SESW 4-146- 96

l

Dvorak #1
Birdbear, etc.
#1 F22-22-1
Signalness Unit #1
Huber #1
Signalness Unit A #1
Selle T-1 #1
Knudsvig #1
State #1
Little Missouri #1-24
Hairy Robe Estate #1
Roshau #1
McNamara #1
Carlson #1
Marienko #1-32-lA
Weber #1-18-lC
Selle #1
Carlson #B-1
Lubke #1
Heiser #1
Benz #21-21
F-29-148-97 #1
Muggli #1
Hibl #23-7
O'Neil #11-24
Burlington Northern #1

Karey #1
Gustafson "A" #1
Wolberg #1
Deep Creek #1
Anderson #1
Kelling #1
Hawkinson - Brown
#2-22
Sadowsky "B" #1
Amoco Prod. Co.
Richardson
#1
Amoco Prod. Co.
Al-Aquitaine O & G Co. Benson #1-34
Brandvik #1
Mesa Pet. Co.
Bull Family #1
Exxon Corp.
Alpar Resources, Inc. McNamara #1-7
Kirsch #1-31
Mesa Pet. Co.
Cities Service Co.
State #A-1
Bang #1
Amoco Prod. Co.
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Well No. Location

Operator

Well Name

7431 SWSE 15-147- 96 Mesa Pet. Co.
7460 SWNW 4-144- 93 Terra Resources, Inc.
7469 NENW 30-145- 93 Amoco Prod. Co.
7477 NENE 10-146- 96 Amoco Prod. Co.
7584 NENW 8-145- 95 Amoco Prod. Co.
7614 NWNW 10-148- 96 Gen. Am. Co. of Tx.
7707
7745
7760
7959
7978
8077
8095
8107
8115
8235
8243
8298

NESW
NENE
SESW
NWNW
NWSE
NESW
SWNW
SWNE
NESW
SESE
SESE
NWNW

35-14510-14724-14619-14717-14510-14717-14923-14724-14236-14436-14229-147-

93
92
93
95
91
96
93
96
92
92
92
95

8374
8394

NENE 4-144- 96
SESE 14-146- 93

8455
8491

SWSE 12-146- 94
NESW 30-142- 96

Summerfield #1-15
Nordsven #1-4
Dinkins #1
Murphy Unit B #1
Roshau #1
Signalness Fed. #2-10
Terra Resources, Inc. Borth #1-35
Young Bear #1
Santa Fe Energy Co.
Mosbacher - Pruet Oil Cook #24-1
19-147-95 Burl. No. #2
Coastal O & G Corp.
Terra Resources, Inc. Tozier #1-17
Mesa Pet. Co.
Pelton #1-10
Packineau - BIA #12-17
Shell Oil Co.
Engvold #1-A
Amoco Prod. Co.
Dressler #1
Keldon Oil Co.
Santa Fe Energy Co.
State #1-36
Houston O & Min. Corp. Union - State #44-36
Coastal O & G Corp.
29-147-95 Burl. No. #1
- Al-Aquitaine Expl.
Adobe O & G Corp.
Fed. - Killdeer #41-4
Fed. Land Bank ANR Prod. Co.
Askew #1-14A
Helmerich & Payne,
Buehner #1-12
Vanderbilt Res. Corp. Bullinger #1-30
EDDY COUNTY

437
7271

NWNW 16-150- 67
NWSW 9-148- 65

Calvert Drilling Co.
Kissinger Pet. Corp.

State #1
Anderson #12-9

GOLDEN VALLEY COUNTY
410
470
4130
4791
5438
6508
6513
6531
6563
6821

NESW
NESE
SWNW
CNW
NENW
NWSW
NENE
SESE
NWNE
SESW

24-143-103
15-140-105
9-138-105
29-141-104
27-141-105
1-144-104
31-141-104
12-144-104
4-139-105
25-143-103

Gulf Oil Corp.
Blackwood & Nichols
Amerada Pet. Corp.
Woods Pet. Corp.
Texas Gas Expl. Co.
Terra Resources, Inc.
Shell Oil Co.
Terra Resources, Inc.
Shell Oil Co.
Diamond Shamrock Corp.

6858 W2NW 1-144-104 Terra Resources, Inc.
6861 NENE 10-139-106 Shell Oil Co.
6920 SESE 25-141-104 Jake Hamon - Samson
Resources Co.
6931 NWNE 36-143-103 Gas Prod. Enterprises
- Al-Aquitaine Expl.
6947 SENW 18-144-103 Terra Resources, Inc.

-,

Dorough - Federal #1
Gilman - Lang #1
Waldron #1
Slocomb #1
Brown, etc. #1
Messersmith #1-1
Davidson #41-31
Hall Brothers #1-12
Smith #31-4
Williamson Federal #24-25
Messersmith #2-1
Halstad #41-10
Tescher #1
36-143-103 State #1
Mosser #1-18
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Well No. Location

Operator

Well Name

6972 SWNE 3-144-104 Terra Resources, Inc. Messersmith #1-3
6973 SWNE 12 144-104 Terra Resources, Inc. Hall #2-12
6986 SENW 25-143-103 Diamond Shamrock Corp. Federal #22-25
7094 NWNW 20-144-103 Gulf Oil Corp.
Boyce - Fed. #1-20-lA
Burl. No. #34-3
7255 SWSE 3-142-103 Shell Oil Co.
7550 NESE 36-143-103 Gas Prod. Enterprises 36-143-103 State #2
- Al-Aquitaine Expl.
Tescher #2
7679 SENE 25-141-104 Jake Hamon - Samson
Resources Co.
Kunick #1
7753 SENE 7-141-104 Moran Expl., Inc.
7768 NWSW 23-143-103 Mesa Pet. Co.
Golden - Fed. #1-23
7842 swsw 28-137-103 Bass Enterprises Prod. Bullion Butte Federal #28-1
Stecker #1
7969 NWSE 32-142-105 Moran Expl., Inc.
8127
csw 8-141-104 Moran Expl., Inc.
Carlson #1
Ueckert #1-11
8233 NENW 11-141-105 Terra Resources Moran Expl. Co.
Tescher #3
8460 NWNE 31-141-103 Jake Hamon - Samson
Resources Co.
GRANT COUNTY
3636

SWNE

5496
7020

SENW
SENE

1-133- 90

Cardinal - Lone Star
- National Bank
5-134- 90 Wainoco, Inc.
5-137- 88 Texas Pacific Oil Co.

Bierwagen #1
Krause #22-5
Steckler #1

HETTINGER COUNTY
511
4984
5447
5668
5783
6413
6795
7075
7231
7453
7819
7876
7965
8143
8312

swsw 24-134- 96
NWNE 12-135- 92
SESW 15-136- 92
SENW 34-134- 95
NWNE 35-136- 93
SESE 21-133- 92
SENE 19-136- 97
SWSE 26-133- 93
SESW 22-134- 93
SESW 24-133- 97
SESE 23-133- 97
NENW 14-136- 96
NENE 31-134- 96
NENW 3-134- 92

Socony - Vacuum Oil
Pubco Pet. Corp.
W. H. Hunt
Kewanee Oil Co.
Farmers Union Exchan.
Energetics, Inc.
Wexpro Co.
Amoco Prod. Co.
Diamond Shamrock Corp.
Amoco Prod. Co.
Amoco Prod. Co.
Amoco Prod. Co.
Gulf Oil Corp.
Nortex Gas & Oil Co.
- Pogo Oil Co.
NWSW 35-135- 96 Skyline Oil Co.

Jacobs #F14-24-P
Haberstroh #12-2
Senn #1
Olson #1
Grosz #2-35
Harsch - Mehrer #44-21
Jirges #1
Rokusek #1
Blickendorf #24-22
Urlacher #1
Redetzke #1
Kenny #1
Zenker #1-31-2B
Wolf #1-3
Fed. - Herberholz
35 #1

McHENRY COUNTY
39
61

NESW 3-157- 78
NWSE 17-153- 77

T

Hunt Oil Co.
Hunt Oil Co.

Shoemaker #1
Lennertz #1
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Well No. Location
769 NWNW 14-154- 78
1354 NWNW 26-156- 77
2675 NWNW 34-159- 79
5185 SWSW 1-156- 77
5279 NESW 34-157- 76
5281 SWSW 16-158- 75
5283 NENE 34-158- 77
8307 NENW 31-155- 77

Operator

Well Name

Calvert Drilling Co.
Monsanto Chemical Co.
Amerada Pet. Corp.
Champlin Pet. Co.
McMoran Expl. Co.
McMoran Expl. Co.
McMoran Expl. Co.
Asamera Oil Inc.

Wright #1
Ed #1
PFA Unit #1
Best #1 14-1
State #1
State #2
Fairbrother #1
Larson #1

McKENZIE COUNTY
33
147
341
545
956

SWSE
NWNW
SESW
NESE
NWSW

12-149- 96
15-152- 96
21-152- 94
13-152-102
28-148-104

Amerada Pet. Corp.
Amerada Pet. Corp.
Pan Am. Pet. Corp.
Phillips Pet. Co.
Gulf Oil Corp.

1495
1606
1679
1765
2373
2584

NWSE
NESW
SWSE
NWNW
NESE
SWNE

32-153- 94
35-150- 97
10-153- 96
35-151- 97
1-152- 95
16-145-101

2602
2665
2786
2839
2841
3086
3246
3323
3387
3488
3645
3804
4061
4062
4085
4264

CNE
NWSE
NWSW
SENW
SESW
CNW
NENE
NWNW
NWNW
CNE
SESE
NWSW
NWNW
NENW
SESE
NENW

6-153- 95
30-153- 94
15-148-102
30-153- 94
29-153- 94
1-152- 95
2-152- 95
32-153- 94
7-152- 94
7-153- 95
24-145-105
23-153- 95
16-152- 93
28-148-101
2-149- 97
3-153- 95

Amerada Pet. Corp.
Amerada Pet. Corp.
Amerada Pet. Corp.
Texaco, Inc.
Amerada Pet. Corp.
Shell Oil Co.
- Northern Pacific
Texaco, Inc.
Amerada Pet. Corp.
H. L. Hunt
Amerada Pet. Corp.
Lloyd H. Smith
Amerada Pet. Corp.
Amerada Pet. Corp.
Amerada Pet. Corp.
Amerada Pet. Corp.
Amerada Pet. Corp.
Quintana Pet. Corp.
Calvert Drilling Co.
Socony Mobile Oil Co.
Shell Oil Co.
Amerada Pet. Corp.
Texaco, Inc.

Risser #1
Wollan #1
Starr #1
Hoehn "A" #1
Bennie - Pierre Federal Unit #1
Moe #2
Shelvic Tract 1 #1
Magen T-1 #1
Kaeser (NCT-1) #1
Antelope Unit #8
State #32-16-1
Garland #5
Oleson Unit #1
U.S.A. "A" #1
McKeen Unit #1
Weedeman "A" #1
Antelope Unit "B" #1
Antelope Unit #5I
Antelope Unit "E" #1
Antelope Unit "F" #1
USA - Volkman Unit #1
USA #1
Slaaten #1
Grady Heirs #Fll-161
Gov't #22X-28-1
USA - Doris Unit #1
Amerada - Gov't Dorough "A" #3
Federal - McKenzie #1
Olson #1

NENW 33-146-104 Helmerich & Payne
NESE 18-151-103 J. H. Moore &
R. E. Massengill
4594 NWNW 10-151- 94 Gulfland, Inc.
Wolf #1
4723 SENE 23-151-101 Consolidated O & G Co. Fed. Land Bank,
etc. #23
4807 SENW 24-151-101 Consolidated O & G Co. Fed. Land Bank #24-1
5002 SENW 9-146-103 Gen. Am. Oil Co. Tx.
Burl. No. #1-9
5086 NENE 16-146-103 Target Oil Co.
State #1-16
5182 SENW 27-148-101 True Oil Co.
Burl. No. #22-27

4304
4439
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Well No. Location

Operator

Well Name

5345
5655
5748
5774
5821
5824
5836
5840
5846
5847
5856
5866
5909
5975
5993
6014
6049
6107
6109
6112
6129
6137
6175
6178
6207
6213

NENE 27-150-103
csw 25-150-104
SESW 9-148-102
NWSE 29-150-100
SWSE 31-149-104
NENW 22-148-102
SWNE 16-148-102
NESE 26-150-104
W2NW 16-148-102
SWNW 9-148-102
NENW 36-150-104
NWSW 11-149- 99
CS2 18-145-103
NWNW 18-145-103
NWNW 24-147-103
NENE 19-145-103
SESE 8-148-102
W2NW 25-153- 95
E2NE 17-148-102
SENW 23-153- 95
SWNE 8-148-102
SENE 22-153- 95
SWNW 23-153- 95
SESE 22-153- 95
NWNE 27-153- 95
NENW 26-153- 95

U.S. Gov't #1-27
Federal #25-1
Law #1
Heggen #33-29
U.S. Gov't #34X-31-l
Federal 22 #1
State #1-X
Federal #26-1
State #2
Haugen #1
State #1-36
Peterson #1
Federal #1-18
Olsen #2-18
Enstulen #4-24
Burl. No. #1-19
Law #1
Siguardson Trust #1-25
Federal 17 #1
Dinwoodie #22-23
Haugen - State #1
Westdal #42-22
Dinwoodie #12-23
Thorlackson NCT-1 #2
Haugen #1
Thorlackson #21-26

6308
6366
6387
6414
6433
6437
6454

NWNW

SENW
SWSE
NENW
NWSE
NWSW
SESE

Chandler & Assoc.
Pennzoil Co.
Kerr McGee Corp.
True Oil Co.
Shell Oil Co.
Kerr McGee Corp.
Kerr McGee Corp.
Union Oil Co. of Cal.
Kerr McGee Corp.
Kerr McGee Corp.
Tiger Oil Co.
Kerr McGee Corp.
Farmland Int'l Energy
Terra Resources, Inc.
F.U.C.E., Inc.
Terra Resources, Inc.
Kerr McGee Corp.
Tiger Oil Co.
Kerr McGee Corp.
Tiger Oil Co.
Kerr McGee Corp.
Tiger Oil Co.
Tiger Oil Co.
Texaco, Inc.
Prosper Energy Corp.
Tiger Oil Co. Texaco, Inc.
7-145-103 Terra Resources, Inc.
27-153- 95 Texaco, Inc.
6-148-104 Shell Oil Co.
8-148-104 Shell Oil Co.
23-153- 95 Tiger Oil Co.
26-153- 95 Home Pet. Corp.
20-148-104 B.W.A. & B.

6479
6488
6493
6495
6501
6514
6532

SESW
SENE
SENE
SWNE
NESE
NWSE
SWSE

22-153- 95
23-153- 95
10-149- 99
24-153- 95
6-152-101
27-153- 95
15-147-101

Texaco, Inc.
Tiger Oil Co.
Alpar Resources, Inc.
Tiger Oil Co.
Gulf Oil Corp.
Prosper Energy Corp.
Pennzoil Co.

6539
6544
6547
6558
6592
6608
6609
6613

NWNE
SENE
NESW
NWNW
NESW
SWSE
SWNW

34-153- 95
29-145-103
34-153- 95
26-153- 95
27-153- 95
19-150- 95
34-148-104
12-148-105

Hanson Oil Corp.
Terra Resources, Inc.
Hanson Oil Corp.
Tiger Oil Co.
Getty Oil Co.
Alpar Resources, Inc.
B.W.A. & B.
Shell Oil Co.

Burl. No. #1-7
Silurian Unit #2
USA #34X-6
US Gov't #21-8
Siguardson Tr. #34-23
Sherven #1
Pet., Inc. Federal #20-44
Silurian Unit 2 #1
Siguardson Tr. #42-23
Peterson #1-10
Froholm #32-24
Eckert Foundation #1
Sherven #27-1
Depco - Burl. No.
#1-15
Sugar Butte #1
Burl. No. #1-29
Sugar Butte #2
Thorlackson #11-26
Robertson #11-27
Phelps #1-19
Hatter #34-23
USA #14-12-11

swsw

T
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Well No. Location

Operator

6616
6617
6655

NENW 26-153-101 Mosbacher - Pruet Oil
NESE 36-153- 95 Energetics, Inc.
NESE 12-145-104 Terra Resources, Inc.

6710
6715
6718

SWNE 33-148-104
SESW 21-148-104
SWNE 22-147-101

7002 SESW 3-153- 95
7008 NWNW 11-151- 97
7041 NWSW 4-149-102
7066 NESE 34-154- 95
7067 NENE 10-153- 95
7072 NESE 4-153- 95
7073 NWNW 10-153- 95
7141 swsw 14-149- 99
7142 SENE 1-151-102
7162 NWNE 14-146-104

Pennzoil Co.
Shell Oil Co.
Pennzoil Co.
- Depco Oil Co.
Shell Oil Co.
Shell Oil Co.
Superior Oil Co.
Getty Oil Co.
Tenneco Oil Co.
Samedan Oil Corp.
Gas Prod. Enterprises
Shell Oil Co.
Pennzoil Co.
- Depco Oil Co.
Gas Prod. Enterprises
SunBhem Gas, Inc.
Alpar Resources, Inc.
Gulf Oil Corp.
Ladd Pet. Corp.
Texaco, Inc.
Shell Oil Co.
Pennzoil Co.
- Depco Oil Co.
Texaco, Inc.
- Amerada Pet.
Texaco, Inc.
Supron Energy Corp.
SunBehn Gas, Inc.
Texaco, Inc.
Texaco, Inc.
Texaco, Inc.
Texaco, Inc.
Alpar Resources, Inc.
Al-Aquitaine Expl.
Shell Oil Co.

7173 SWNW 25-148-101
7192 SWNE 6-150- 95
7200 NENE 36-146-105
7203 NWSE 14-149- 99
7206 NENW 29-146-104
7208 SESW 35-147-105
7209 SESE 21-149-104
7211 SWNW 6-148-104
7218 NWSW 17-145-103
7219 SWNW 33-149- 99
7226 NENW 10-149- 99

Tiger Oil Co.
Texaco, Inc.
Patrick Pet. Co.
Amoco Prod. Co.
Shell Oil Co.
Shell Oil Co.
Shell Oil Co.
Shell Oil Co.
Terra Resources, Inc.
Amoco Prod. Co.
Amoco Prod. Co.

6775 NENW 12-150-104
6776 SWNE 23-149-104
6790 SWNW 35-152-102
6793 NESE 28-153- 95
6807 SWSE 18-149-104
6826 NENW 19-149- 97
6832 SWNE 9-146-103
6839 NESE 11-150-104
6846 SESE 15-146-101
6894 NWSE 5-146-103
6907 SWNE 5-149-102
6925 SESE 3-149- 99
6946 NENW 5-152-101
6959 SESW 30-145- 99
6962 SESE 3-153- 95
6966 SESW 36-146-104
6984 NENE 10-147-101
7001

NWSW 34-154- 95

1

Well Name
Fed. Land Bank #1-26
State #43-36
Meinhart - Fed.
#1-12 M
Depco #33-32
USA #24-21-17
Federal #22-32
USA #11-12
USA #32-23-31
Link, etc. #1
E.O. & G. #28-9
Vinyard #2-18
Kelly #1
9-146-103 Burl. No. #2
USA #43-11
Burl. No. #15-44
5-146-103 Burl. No. #1
Rod #1
Norstog #1-3
Eckert #1-5
Federal #30-24
Silurian Unit 4 #1
State #24-36
Federal #10-41
Red River Unit 1 #1
Silurian Unit 6 #1
Rolfsrud #1
Sanders #1
Silurian Unit 8 #1
Silurian Unit 9 #1
Silurian Unit 11 #1
Silurian Unit 10 #1
Hamre #1-14
Green #1-1
French - Quinnel
#31-14
Hagen #22-25
Lovaas NCT-1 #5
Folkyord - State #1-36
Campbell #1
USA #21-29
USA #34-35
Burns #44-2
USA #12-6-44
Burl. No. #1-17
Minnesota Farms #1
Sondrol #1
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Well No. Location
7233
7248
7264

NWSW 16-153- 97
NWSE 26-153-101
NWNE 27-147-101

7292
7306
7366
7422
7435
7478
7494

swsw

36-146-105
35-149-102
6-151- 94
3-150-103
14-146-101
35-149-102
15-146-101

NESE
SENE
SENW
SWSE
SWSE

25-145-100
22-146-101
30-145- 99
31-153- 95
31-151- 95
19-148-104
31-151- 95
32-151- 95
24-145-104
4-148-102
17-146-102

7501
7512
7559
7561
7566
7569
7571
7572
7579
7580
7585

SESE
NENW
NWSW
SESW
SENW
SENW

swsw

SWNE
CSW
SENE
NWNW
NENE

7590 NESE 27-146-104
7607 SESE 33-154- 95
7611 NENW 21-146- 99
7647 SESW 4-149-104
7648 SENW 24-148-103
7650 NESW 31-150-102
7651 SENE 27-153-101
7666 SWNW 31-146-104
7680 SENE 36-147-103
7685
7704

swsw

7731
7746

SESW 32-150- 96
swsw 17-145-102

34-147- 99
NESE 23-150- 98

7747 NESE 33-154- 95
7763 NWSW 6-150-100
7780 SWNE 4-153- 95
7790 NWSW 22-149-104
7795 SWSE 23-153-101
7796 swsw 20-150-101
7810 S2SW 5-150- 95
7812 NENE 18-146-103
7822 SENE 5-148-102
7848 NWSE 2-150-100

Operator

Well Name

Getty Oil Co.
Mosbacher - Pruet Oil
Penzoil Co.
- Depco Oil Co.
Patrick Pet. Co.
SunBehm Gas, Inc.
Tenneco Oil Co.
Shell Oil Co.
Kerr McGee Corp.
SunBehm Gas, Inc.
Pennzoil Co.
- Depco Oil Co.
Amoco Prod. Co.
Kerr McGee Corp.
Ladd Pet. Corp.
Texaco, Inc.
Phillips Pet. Co.
Shell Oil Co.
Texaco, Inc.
Texaco, Inc.
Shell Oil Co.
SunBehm Gas, Inc.
Pennzoil Co.
- Depco Oil Co.
Shell Oil Co.
Amerada Hess Corp.
Pennzoil Co.
Shell Oil Co.
Shell Oil Co.
Tenneco Oil Co.
Mosbacher - Pruet Oil
Shell Oil Co.
Pennzoil Co.
- Depco Oil Co.
Pennzoil Co.
Gulf Oil Corp.

Tobacco Garden #16-12
Fossum, etc. #26-1
Burl. No. #27-31
Folkyord - State #2-36
Okland #1
Wells #1-6
Shaide #13-3
Federal #1-14
Haugen #1
Burl. No. #15-22
Federal "B" #1
Federal #1-22
Duncan - Fed. #30-22
Quale #3X
Riggs #15-31
USA #14-19-23
Reitsch NCT-2 #4
Loomer #1
USA #42-24A
Coates #1
French Creek Burl. No. #17-41
USA #43-27A
Federal #33-3D
Grassy Butte #21-21
USA #44-4
USA #22-24
Federal #1-31
Schmitz #27-1
USA #12-31-97
Mile Butte #36-42
Slawson #34-12 MC
Shafer - State
#l-23-3B
Winalco #32-1
Cinnamon Creek #17-14B

Home Pet. Corp.
Pennzoil Co.
- Depco Oil Co.
Yetterdahl - USA #2-34
Amerada Hess Corp.
Al-Aquitaine Expl.
6-150-100 Sanders #1-6
Texaco, Inc.
Silurian Unit 12 #1
Shell Oil Co.
USA #13-22-51
Mosbacher - Pruet Oil Dahl #23-1
Frederickson #1-20
Tenneco Oil Co.
Texaco, Inc.
Loomer #11
Shell Oil Co.
USA #41-18-96
SunBehm Gas, Inc.
Haugen - Coates #2
Depco Oil Co.
Smith #33-2
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Well No. Location
7850

Operator

NESW 27-147-102

7854
7874
7879

Pennzoil Co.
- Depco Oil Co.
SENE 33-152-102 Amoco Prod. Co.
NWSW 6-150- 95 Texaco, Inc.
CNE 22-149-100 Champlin Pet. Co.

7886
7933
7941
7943
7944

NWSW
NESW
NENW
SWSE

csw

7957
7971
7973

15-150- 96 Hilliard O & G, Inc.
4-148-102 Kerr McGee Corp.
11-150-104 Tenneco Oil Co.
23-149- 99 Amoco Prod. Co.
15-147-101 Pennzoil Co.
- Depco Oil Co.
NESW 18-149-103 Puma Pet. Co.
NENE 14-150-104 Shell Oil Co.
SENW 11-146-103 Hilliard O & G, Inc.

7988
7993
8002
8013
8020
8044

NWSW
CNE
SWSE
SENE
SWNE
NESE

5-153- 95
32-151- 95
36-149-102
1-145-100
34-150- 99
18-145-102

8086
8090
8094
8124
8156
8161
8163
8179
8184
8187
8193

NENW
NESE
SESW
SENW
NENE
NWNW

NWNE
SENW

22-146-101
6-152- 95
9-149-103
22-151- 96
6-149-100
6-149-103
36-151- 96
23-150- 94
25-149-104
10-148-101
3-146-102

8209
8222
8238
8285
8287
8314
8322
8372
8399
8435
8466
8471

SWNE
NESE
NESE
SWNE
NWSE
SENE
SWSE
NWNE
NENW
NWNE
SWSE
NENW

6-147-101
3-148-104
6-146-103
8-152-102
18-146-104
8-147-103
34-151-102
26-150-100
29-150-101
23-150-101
15-150-101
22-149- 96

swsw
swsw

NWSE

Texaco, Inc.
Texaco, Inc.
SunBehm Gas, Inc.
Amoco Prod. Co.
Alpar Resources, Inc.
Pennzoil Co.
- Depco Oil Co.
Kerr McGee Corp.
Amerada Hess Corp.
Getty Oil Co.
Energetics, Inc.
Petroleum, Inc.
Pennzoil Co.
Kissinger Pet. Corp.
Apache Corp.
Shell Oil Co.
W. H. Hunt Trust Est.
Pennzoil Co.
- Depco Oil Co.
Pennzoil Co.
Shell Oil Co.
Shell Oil Co.
Gulf Oil Corp.
Shell Oil Co.
Shell Oil Co.
HNG Oil Co.
Mobil Oil Corp.
Texas Gas Expl. Corp.
Petroleum, Inc.
Petroleum, Inc.
Apache Corp.

Well Name
Bridger Creek - Burl.
No. #27-23
Monson #1
Lovaas NCT-1 #6
State - Rogness
41-22 #1
Lillibridge #1
Haugen - Coates #1
Lassey #1-11
Hamre #1
Burl. No. #lX-15
Winter #1-18
USA #41-14-131
11-146-103 Burl.
No. #1
Red River Unit 2 #1
Fredrick #5
Okland #2
Storm #1
Rogness #1-34
Cinnamon Creek
#18-43 P
Federal #2-22
Grimistad #4-6
Charbonneau #9-14
Tank #22-22
Thompson #1
Yellowstone #6-11 F
State #13-36
Bear Den #1
USA #14-25-111
Larson #1
Covered Bridge #3-22
Four Creeks #6-32F
USA #43-3-116
USA #43-3-117
Rehberg #1-8-2D
USA #33-18-123
USA #42-8
Link #34-1
Rogness, etc. #1
Nygaard #1-29
Berge #1
Ensor #1
Federal #22-1

McLEAN COUNTY
22

NE 10-146- 81

T

Samedan Oil Corp.

Hanson #1

---

-----
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Well No. Location
49
7783
8060

swsw
SENW
SWNE

28-150- 80
1-150- 90
7-148- 89

Operator

Well Name

Stanalind Oil Co.
Home Pet. Corp.
Apache Corp.

McLean County #1
Tribal #1-1
Solcum #1

MERCER COUNTY
21
6683
7616

NWNE 28-142- 89 Kelly - Plymouth
NWSW 13-143- 90 True Oil Co.
SWNW 29-144- 90 Conoco, Inc.

Leutz #1
Hauck #13-13
Entze 29 #1

MORTON COUNTY
1620
5379
7340
7691
7770
7797
7937

NESW
NWNE
NWSE
SENW
NWSW
SESE
NENE

27-1395-13826-14019-1386-13814-13719-138-

90 Pan Am. Pet. Corp.
83 Campbell Partners
88 Amoco Prod. Co.
85 Amoco Prod. Co.
85 Amoco Prod. Co.
87 Texas Pacific Oil Co.
86 Amoco Prod. Co.

Vetter #1
Picha #1
Richter #1
Olin #1
Karch #1
Bachler #1
Olsen #1

MOUNTRAIL COUNTY
355
474
528
4113

SWNW
NWNW
NWNE
SENW

18-15824-15525-1574-150-

94 Amerada Pet. Corp.
90 W. H. Hunt
89 W. H. Hunt
93 Texaco, Inc.

4386
5072
5088
5257
5333
5831
6087
6289
6677
6764
6780
6872
7238
7362
7457
7570
7741
8071
8371

SESE
NENE
NENW
NWSW
SESE

28-15122-15835-15634-15126-15623-1579-15710-15514-1572-15524-15116-1535-15413-15520-1509-15528-1563-15217-157-

90
94
93
90
93
94
94
91
90
90
89
88
88
91
92
94
94
90
91

swsw

SWSE
NESW
NESE
NENW
SENE
NESE
NENE
NESW
NWNE
NENE

swsw
swsw

NENW

Empire State Oil Co.
Amerada Pet. Corp.
Shell Oil Co.
McCulloch Oil Corp.
Shell Oil Co.
Smokey Oil Co., Inc.
Tom Brown, Inc.
Thomson Pet., Inc.
True Oil Co.
Donald C. Slauson
Bass Enter. Prod. Co.
Marathon Oil Co.
Union Oil Co. of Cal.
Marathon Oil Co.
Apache Corp.
Kissinger Pet. Corp.
Kissinger Pet. Corp.
Lear Pet. Expl., Inc.
True Oil Co.

Hanson #3
Dunham #1
Anderson #1
Fort Berthold
Allottee 437 #Al
Vorwerk #1
Erickson #lX
Texel #21-35
Wahner #1-34
Morrow #44X-26
Will #14-23
Jorstad #9-34
Harstad, etc. #1
Halverson #33-14
Kvamme #2-1
Andes #24-1
Olson #1
Oynes #l-B5
Armour #13-23
Grace #1-20
Grondale #1-9
Ortloff #13-28
Parshall #1
Kuster #14-17

OLIVER COUNTY
15
95

CSE 18-141- 81
SESW 3-141- 81

Carter Oil Co.
Youngblood & Youngbl.

Semling #1
Wachter #1

396
Well No. Location
4940

SESW 24-142- 85

Operator

Well Name

Gen. Am. Oil Co. Tx.

Henke #1-24

PIERCE COUNTY
435 SWNE 12-158- 69 Midwest Oil Corp.
538 NESE 17-154- 72 Calvert Drilling Co.
706 SESE 23-157- 70 Shell Oil Co.
3920 SESE 23-152- 74 A. J. Hodges Ind. Inc.
5576 swsw 34-152- 73 Getty Oil Co.

Heckman #1
Ramberg #1
Marchus #1
Martin #1
Vetter #1

RAMSEY COUNTY
196
383

NENE 16-154- 65
NWNW 17-158- 62

Carter Oil Co.
S. D. Johnson

MacDiarmid #1
Wolf #1

RENVILLE COUNTY
1689
6296
6349
6401
6436
6466
6473
6504
6624
6684
6749
7577
7717
7976
8012

NENW 7-158- 81
NESW 9-163- 87
swsw 34-164- 87
NESW 10-163- 87
NESE 5-163- 87
SWNE 3-163- 87
NENE 16-163- 87
SWNE 1-162- 87
SENW 1-161- 85
NENW 2-161- 85
NWSE 3-163- 87
SWNW 15-160- 86
SESE 34-161- 87
SWSE 34-161- 87
NESW 32-163- 84

Anschutz Oil Co.
Shell Oil Co.
Shell Oil Co.
Shell Oil Co.
Shell Oil Co.
Shell Oil Co.
Shell Oil Co.
Great Yellowstone
Shell Oil Co.
Shell Oil Co.
Shell Oil Co.
Shell Oil Co.
Shell Oil Co.
Shell Oil Co.
Monsanto Co.

Christianson #1
Larson #23X-9
Mott #14-34
Wisdahl #23-10
Duerre #43-5
Mott 32X-3
Lindblad #41X-16
Ones #1
Osterberg #22X-1
Osterberg #21-2
Gilbertson #33-3
Dewing #12-15
Golden #44X-34
Golden #34X-34
Gates #1

ROLETIE COUNTY
83 SENW 23-161- 73 Lion Oil Co.
316 NWSW 23-160- 70 Evans Prod. Corp.
685 swsw 32-163- 73 Brit-Am. Oil Prod. Co.
806 NESE 14-163- 73 Brit-Am. Oil Prod. Co.
1630 NWSE 19-161- 72 General Crude Oil Co.

Sebelius #1
Johnson #1
Wenstad #1
Dietrich #1
Higgins #1

SHERIDAN COUNTY
665
693

NENE 15-148- 76
swsw 19-146- 76

Caroline Hunt Tr. Est. Waltz, Jr. #1
Caroline Hunt Tr. Est. Bauer #1
SLOPE COUNTY

91
4075
4119

SWSE 8-135- 98
NESW 9-136-101
NESW 8-136-101

T

Deep Rock Oil Corp.
H. L. Hunt
H. L. Hunt

Brusich #1
No. Pacific "A" #1
USA 8 #1

397
Well No. Location

Operator

4124 NWSE 4-136-101 H. L. Hunt
4164 SWNE 17-136-101 H. L. Hunt
4241 NENW 23-136-101 H. L. Hunt
4749 SWNW 33-133-101 States Oil Co.
5210 NENW 3-133-100 Belco Pet. Corp.
5499 swsw 21-135-101 Jerry Chambers
5506 SWNE 16-135-101 Jerry Chambers
5881 NENW 5-133- 98 Patrick Pet. Corp.
- Williams Expl. Co.
5929 swsw 10-135-101 Jerry Chambers
6048 S2SW 23-136-101 Patrick Pet. Corp.
- Williams Expl. Co.
6412 NWNE 34-136-101 Patrick Pet. Corp.
7016 SESW 23-133-100 Ladd Pet. Corp.
7132 SWSE 22-136- 99 Terra Resources, Inc.
7890
CSE 23-134-100 Gulf Oil Corp.
7987 NWSE 17-135- 98 Cities Service Co.
8629 SENE 34-136- 98 Cobra O & G Corp.

Well Name
Hayden #1
No. Pacific "A" #2
No. Pacific "A" #3
Sedevie #1
Cannonball #3-3
Holmevig #1-21
State #1-16
Arneson #1
Rabe #1
GPE - Burl. No. #1
Federal #1
Sanders #23-24
Witman #1-22
Pogo - Narom #1-23-lC
Schmitt B #1
State - Smith #34-1

STARK COUNTY
850
3515
4134
4182
4311
5142
5143
5255
6243
6307
6447
6476
6797
7007
7127
7247
8088
8098
8169
8342

NWNW 15-138- 98 W. H. Hunt
NWNW 9-140- 93 Continental Oil Co.
NWSE
CSW
NESW
SENE
NENW
NESW
SENW
NWSE
SWNW
NESW
SESW
SESE
NWNE
NESW
NWNE
SENE
NENW

15-13723-13720-1399-1379-13722-13726-13721-1388-1399-13816-13926-13830-1395-14028-1419-13921-138NWNW 36-140-

92
92
97
92
97
95
92
99
97
92
92
98
96
95
93
99
92
95

Texaco, Inc.
Texaco, Inc.
Union Oil Co. of Cal.
Bridger Pet. Corp.
Lone Star Prod. Co.
Continental Oil Co.
Energetics, Inc.
Impel Energy Corp.
Anadarko Prod. Co.
W. H. Hunt Trust Est.
W. H. Hunt Trust Est.
Supron Energy Corp.
Shell Oil Co.
Hunt Energy Corp.
Mobil Oil Corp.
Monsanto Co.
Gulf Oil Corp.
Supron Energy Corp.

Privratsky #1
Stoxen #1
Schank NCT-1 #1
Schank NCT-1 #2
Kudrna #1
Kilzer #1
Wanner #1
Feimer - Anger #1
Martin - Kilzer #1
Beaudoin #10-21
Kostelecky #1
Goetz #1
Rummel - State #1
Privratsky #1
Kostelecky #31-30
Barta #1
Bernhardt #1
Froelich #1
Leviathan #1-21-lB
Lawrence #1

TOWNER OOUNTY
100 SWSE 35-161- 68 Union Oil Co. of Cal.
171 NWNE 18-163- 65 F. H. Rhodes
194 SWSE 17-157- 65 F. H. Rhodes
227 SESW 31-158- 66 Earl F. Wakefield
390 SWSE 24-160- 67 Midwest Expl. Corp.
434 NWNW 27-163- 68 Midwest Expl. Corp.

l

Saari #1
Murphy #1
Gibbens #1
Hill #1
Anann #1
Jutenen #1

398
Well No. Location
3980

SWSE

7-162- 68

Operator

Well Name

La Habana Corp.
- Nat'l Assoc. Pet.

Dunlop #1

WARD COUNTY
18
SE 16-157- 85
47 SESW 23-155- 81
52 NENE 24-156- 85
105 SWNE 2-153- 85
126 SWSE 33-156- 83
588 SWSE 33-152- 82
656 NWNE 13-155- 82
4923 NWNE 5-156- 81
4990 NWSW 22-156- 84
4992 NESE 2-156- 82
5105 NWNW 28-152- 86
5158 NENW 13-153- 85
5498 NWSE 1-157- 82
7612 SESW 15-155- 87

Price Drilling Co.
W. H. Hunt Trust Est.
Wanete
Stanalind
Quintana Pet. Corp.
W. H. Hunt
W. H. Hunt
Union Oil Co. of Cal.
Anschutz Corp.
Union Oil Co. of Cal.
General Crude Oil Co.
Union Oil Co. of Cal.
Marathon Oil Co.
Marathon Oil Co.

Kline #1
Wald #1
Lee, etc. #1
Waswick #1
Linnertz #1
Neumann #1
Almy #1
Olson #1-B-5
Musch #1
Anderson #1-I-2
Jensen #1
Hanson #l-C-13
Gowin #1
Berg #15-24

WELLS COUNTY
609
689

SWSE 14-148- 71
NENE 31-147- 71

Caroline Hunt Tr. Est. Leitner #1
Caroline Hunt Tr. Est. Thormodsgard #1
WILLIAMS COUNTY

25
32
34
44
48
235
254
999
1231

swsw

1385
1403
1513

SESW 16-156- 95
NE 15-155- 96
csw 1-155- 96

Amerada Pet. Corp.
Amerada Pet. Corp.
Amerada Pet. Corp.

1514
1534

CNE 34-156- 96
NE 26-156- 96

Amerada Pet. Corp.
Amerada Pet. Corp.

SWNW
NENW
NENE
NESE
NENE
NE
SWNE
NE

6-155- 95
12-157- 95
18-155- 95
33-156- 95
7-156- 96
35-158- 95
19-156- 95
23-154-100
2-155- 96

Amerada Pet. Corp.
Amerada Pet. Corp.
Rudman Resources, Inc.
Amerada Pet. Corp.
Champlin Pet. Co.
Amerada Pet. Corp.
Amerada Hess Corp.
Texaco, Inc.
Amerada Pet. Corp.

1636
1729
1745
1768

SW
NE
NW
NE

95
96
95
96

Amerada Pet. Corp.
Amerada Pet. Corp.
Hunt Oil
Amerada Pet. Corp.

1812
1820

NE 6-155- 95
SW 35-156- 96

Amerada Pet. Corp.
Amerada Pet. Corp.

l

17-15613-15521-15736-156-

Iverson #1
Bakken #1
Iverson #1
Odegaard #1
Tank #1
Lalim #2
Kvan Ti #2
Donahue #1
Iverson - Nelson
Unit #1
ND "A" Unit #9
Boe - Olson #1
Iverson - Nelson
Unit "A" #1
Ulven Unit #1
Herfindahl Kvam
Unit #1
Davidson Unit #1
Strom Unit #1
Odegaard #1
Knutson - Iverson
Unit #1
I-H-R Unit #1
Davidson "B" #3

399
Well No. Location
1856
1895
1937
1982
1998
2005
2009
2091

Operator

SW 24-156- 96
NE
SW
NE
SW
NE
NENW
SW

22-15536-15612-15525-15611-15516-15826-156-

96
96
96
96
96
95
96

2092
2147
2148

NE 17-156- 95
NE 23-155- 96
SW 7-155- 95

2149

NE 18-156- 95

2150

NE 35-156- 96

2173
2293
2344
2371

SW 31-156- 95
NE 1-155- 96
SW 19-156- 95
SW 2-155- 96

2427

NE 14-155- 96

2438
2462

SW 13-155- 96
SW 11-155- 96

2487

SW 12-155- 96

2501

SW 30-156- 95

2515
2569
3398

SW 14-155- 96
NE 10-155- 96
SWNE 2-155- 96

3844
4321
4323
4340
4379
4390
4510

SESE 1-155- 96
NWSW 36-158- 95
NESW 26-158- 95
swsw 2-154- 95
NWSW 25-158- 95
SENE 27-158- 95
SWNE 7-154-103

4514
4572
4597
4618
4665
4716
4754

NWSW
SWNE
SWNE
NENW
SENW
CNW
NESE

T

24-158- 95
18-157-103
5-154-103
17-156-103
6-158- 95
11-155- 96
21-154-103

Amerada Pet. Corp.

Well Name

Dillard - Knutson
Unit #1
Amerada Pet. Corp.
Boe #1
Amerada Pet. Corp.
Kvam Unit #1-X
Iverson Unit A #1
Amerada Pet. Corp.
Hunt Oil
Dilland - Fretlund #1
Iverson - Noe Unit #1
Amerada Pet. Corp.
ND "C" A #2
Amerada Pet. Corp.
Davidson - Walla
Amerada Pet. Corp.
Unit #1
Nelson Bakken Unit #1
Amerada Pet. Corp.
Amerada Pet. Corp.
Westberg Unit #1
Amerada Pet. Corp.
Iverson - Ramberg
Unit #1
Amerada Pet. Corp.
Kuam - Peterson Soar Unit #1
Herfindahl Amerada Pet. Corp.
Davidson #1
Rye Iverson #1
Amerada Pet. Corp.
Amerada Pet. Corp.
Iverson #1
Amerada Pet. Corp.
Burch - Kvam Unit #1
Amerada Pet. Corp.
Iverson - Nelson Davidson Unit #1
Amerada Pet. Corp.
Iverson - Ferguson
Unit #1
Arstad Unit #1
Amerada Pet. Corp.
Amerada Pet. Corp.
Beaver Lodge Devonian
Unit C #305
McClintock - Nelson
Amerada Pet. Corp.
Unit #1
Herfindahl - Iverson
Amerada Pet. Corp.
Unit #1
Amerada Pet. Corp.
Ferguson Unit #1
McWood Corp.
USA #11-15
Beaver Lodge Devonian
Amerada Pet. Corp.
Unit D #308 A
Bl.D Unit #3
Amerada Pet. Corp.
Amerada Pet. Corp.
ND "C" B #9
Amerada Pet. Corp.
Ives #B-1
Pan Am. Pet. Corp.
Marmon #1
Amerada Pet. Corp.
Ives #3
Amerada Pet. Corp.
Agre #2
Lamar Hunt
Bank of North Dakota Oyloe #1
Amerada Pet. Corp.
Ives - Skaar Unit #1
Miami Oil Prod., Inc. Miller #1
Lamar Hunt
Voll #1
Trogstad #1
Amerada Pet. Corp.
McGinnity #1
Amerada Pet. Corp.
Amerada Pet. Corp.
Bl.D Unit #4
Sam Boren
Rooke #1

400
Well No. Location

Operator

4916 NESW 29-156-102 Lamar Hunt
5015 SESE 31-155- 96 Home-Stake Prod. Co.
5069
NW 36-156- 96 Amerada Pet. Corp.
5114 SENW 21-158-103 Universal Resources
5197 NENW 9-157- 95 Amerada Pet. Corp.
5373 S2N2 7-154-103 Trend Expl. Co.
- Patrick Pet. Co.
5425 NWSE 7-154-103 Trend Exp 1. Co.
- Patrick Pet. Co.
5528 SWNE 29-157- 95 Tiger Oil Co.
5545
SE 4-157- 95 Texota Oil Co.
5577 NENW 29-157- 95 Tiger Oil Co.
5612 NWSW 28-157- 95 Tiger Oil Co.
5648 NESE 29-157- 95 Tiger Oil Co.
5656 swsw 3-157- 95 Texakota, Inc.
5658 NENE 9-157- 95 Texakota, Inc.
- Hunt Oil
5725 SESE 20-157- 95 Tiger Oil Co.
5726 SWNW 28-157- 95 Tiger Oil Co.
5762 SENW 32-156-103 True Oil Co.
5871 NESW 2-157- 97 Smokey Oil Co., Inc.
5912 NESW 35-156- 96 Amerada Pet. Corp.
5937 SENE 30-157- 95 Tiger Oil Co.
5968 SWSE 9-154- 95 Amerada Hess Corp.
5992 NESW 4-154-103 Caroline Schoellkopf
6029
CNE 16-157- 95 Tiger Oil Co.
6065
CSE 20-155- 96 Tiger Oil Co.
6098 SENE 3-154- 95 Tiger Oil Co.
6108 SENE 28-157- 95 Williams Expl. Co.
6111 NWSE 33-157- 95 Williams Expl. Co.
6114 NENW 6-156- 97 Smokey Oil Co.
6306 NESW 4-155-101 Tenneco Oil Co.
6362
csw 18-155- 95 Amerada Hess Corp.
6478 swsw 5-155-100 Lamar Hunt
6604 SWNE 4-155-101
6642 NESE 5-155-101
6680 NESW 29-155-100
6687 SWNE 16-154- 95
6702 NWSW 30-157-101
6723 NESW 2-157- 96
6739
6745

NWSW 28-159-103
SESW 10-159- 97

6757 SESW 5-155-101
6789 swsw 23-156-103
6806 NWNE 8-155-101
6876 S2SE 6-155-101
6896 NESE 22-157-100
6915 swsw 26-156- 95

T

Well Name
Harstad #1
Sveen, etc. #1
BLO Unit #5
Burns #1
Hemsing #1-9
Oyloe - Bank of North
Dakota #1-A
Haugen #1
Olson #1-29
Borstad #1
Nelson #21-29
Nelson #13-28
Nelson #43-29
Borstad :/11
Hemsing #1

Biwer #44-20
Hove #12-28
Aafedt #22-32
Flaten #23-2
BLO Unit #6
Schmidt #42-30
Mendenhall Unit #1
Oyloe #1
State #1-16
Mattson #1-20
Hove #42-3
Olson #32-28
Harsoch #33-33
Wheeler #21-6
Jensen #1-4
Iverson #23-18
Shaide - Federal Land
Bureau #1
Kissinger Pet. Corp.
Schwab #7-4
Tenneco Oil Co.
Jensen, etc. #1-5
Lamar Hunt
Rolfstad #1
State "E" #32-16
Amerada Hess Corp.
Anderson #1
Union Texas Pet. Co.
Williams - Delaney
Apache Corp.
#1-2
Price #12-28
Getty Oil Co.
Halvorson - Federal
Hunt Energy Corp.
Land Bureau #1
Clark #1-5
Tenneco Oil Co.
Argonaut Energy Corp. Barkie #1
Booke #1-8
Tenneco Oil Co.
Wicks #3-6
Tenneco Oil Co.
W. H. Hunt Trust Est. Njos #1
Olson #13-26
Kissinger Pet. Corp.

401
Well No. Location

Operator

Well Name

9-154- 95
16-155-100
30-155-100
14-156-102
22-157- 97
36-154- 99
14-155- 97
1-154- 95
10-158-101
10-158- 96
18-154-100
33-159-100
2-156- 95
8-155- 99
36-159- 95
1-153- 99
36-153-104

Amerada Hess Corp.
Lamar Hunt
Lamar Hunt
Patrick Pet. Co.
Hunt Energy Corp.
Northwest Expl. Co.
Hunt Oil Co.
Kissinger Pet. Corp.
W. H. Hunt Trust Est.
Northwest Expl. Co.
Hardy Salt Co.
W. H. Hunt Trust Est.
Dome Pet. Corp.
Al-Aquitaine Expl.
Kissinger Pet. Corp.
Northwest Expl. Co.
Gulf Oil Corp.

16-154-100
30-158- 95
26-158- 96
34-155-100
15-158- 95
17-156- 96
25-153-104
10-158- 96
24-155-102
21-155- 98
16-155-100
17-157-101
2-158-100
30-159- 95
4-158-103
23-157-100
30-155- 98
33-155- 97
10-159- 97
5-154- 99

Samedan Oil Corp.
Northwest Expl. Co.
Northwest Expl. Co.
Mosbacher - Pruet Oil
Energetics, Inc.
Reading & Bates Pet.
Gulf Oil Corp.
Northwest Expl. Co.
Depco, Inc.
Shell Oil Co.
Lamar Hunt
Universal Res. Corp.
Depco, Inc.
Shakespeare Oil Co.
Donald Slawson, etc.
W. H. Hunt Trust Est.
Brent Expl., Inc.
Mapco Inc.
Hunt Energy Corp.
Texas Gas Expl. Corp.

8140 NWNE 13-155- 98
8180 NESW 1-158-100
8239 SWNE 17-158- 97
8256 swsw 13-154-100
8316 SWSE 18-159-102
8413 SENW 14-156- 97
8423 SESW 9-154-102
8531 NWSW 11-157-100

Exxon Corp.
Depco, Inc.
Lear Pet. Expl., Inc.
Samedan Oil Corp.
Depco, Inc.
Depco, Inc.
Gulf Oil Corp.
W. H. Hunt Trust Est.

Hove #2-9
Rolfstad - State #1
Treffery #1
Fedje #1
Johnson #1
Long Creek #1
Grondale #1
Marmon #9-1
Hanson #1
Sundhagen #1
Lee #1
Dragseth #1
Joyce #1-2
Brown #1-8
Carlson #8-36
Long Creek #2
Marley - State
#1-36-3C
State #1
Rodahl #1
Normark #1
Hefflefinger #34-1
Hove #44-15
Erickson - State #1
Nordell #1-25-lD
Sundhagen #2
Mortenson #34-24
Kirkpatrick #14-21
Rolfstad - State #2
Bendixson #1
Smith #33-2
McCoy - Koshman #2
Tribal #4-1
Cunningham #1
Seaton #14-30
NCGA #14-33
Sevre #1
Springbrook Bibler #1-5
Solberg - State #1
Johnson #23-1
Oase #1
Minerals #1
Fischer #34-18
Wittrock #22-14
Alfson #1-9-4C
Dullum #1

6941
6975
7004
7054
7063
7074
7089
7115
7164
7168
7285
7330
7333
7405
7433
7470
7503

NENW

7504
7557
7565
7578
7595
7603
7632
7665
7692
7712
7781
7834
7848
7856
7870
7903
7915
7931
8039
8082

SESE
NWNE
SWNE
SENW
SESE

CSE
NESE
NENW
SWNW
SWSE
NESW
NESE
NWSE
NENE
NESE
NENE
SWNE
SWNE
SENE
NESE
SESE

swsw

SWNW
SESE
SWSE

swsw
NESE
SWNW
NWSE
N2NW
SWSE

csw

CSE
SESW
SWNW
NWNW

APPENDIX B
STRATIGRAPHIC DEPTHS FROM MECHANICAL LOGS

T

STRATIGRAPHIC DEPTHS FROM MECHANICAL LOGS
The top and bottom of the Winnepegosis Formation, as defined in
the text in the section on stratigraphy, are included. The depths of
top and bottom, given in feet, were picked from mechanical well logs.
These depths generally were measured from the Kelly bushing (KB);
otherwise, the number given is identified as drill floor (D) or ground
level (G). The computed stratigraphic thickness in feet also is
included.
All wells for which logs were available through August 15, 1981,
are included. The wells are arranged first alphabetically by county
and then numerically by North Dakota Geological Survey (NDGS) well
number within each county. Wells which have described cores have the
NDGS well number followed by a "C", wells which have produced oil from
the Winnepegosis Formation by a "P", and those wells which appear on
the cross sections are indicated by an "X" following the well number.
A well which does not penetrate the bottom of the formation has its
bottom depth and thickness indicated by dashes(-).
WELL NO.

KB

TOP

BOTTOM

THICKNESS

ADAMS COUNTY
7939

2805

9006

9020

14

3895

50

11490
12028
11750
11198
11747
11089
11190
11058
10967
11445
11028
11868
11706
12168
11741
11537
11816
11723
11995
11778

140
178
170
168
144
162
135
140
127
167
64
201
161
163
166
135

BENSON COUNTY
632

1637

3845
BILLINGS COUNTY

291
555
859
1678
2853
3268
3746
3927
4254
4833
5195
6140
6169
6228
6303
6310
6341
6378
6470
6512

2774
2815
2463
2634
2572
2540
2814
2548
2864
2593
2786 G
2676
2555
2532
2642
2198
2689
2612
2708
2581

11350
11850
11580
11030
11603
10927
11055
10918
10940
11278
10964
11667
11545
12005
11575
11402
11645
11554
11812
11595

403

T

171

169
183
183

404

WELL NO.

KB

TOP

BOITOM

6543
6579
6647
6667
6689
6697
6744
6756
6868
6913
6921
6936
7012
7021
7065
7086
7265
7307
7308
7309
7334
7348
7384
7419
7451
7466
7508
7516
7520
7527
7567
7574
7586
7591
7600
7618
7652
7690
7924
7928
8025
8075
8079
8155
8242
8337
8391
8487
8558

2677
2700
2700
2690
2501
2726
2712
2526
2456
2747
2765
2670
2470
2510
2759
2518
2211
2772
2356
2511
2746
2722
2648
2606
2574
2602
2767
2568
2730
2467
2176
2820
2661
2529
2325
2728
2557
2373
2529
2768
2432
2430
2747
2211
2590
2603
2589
2344
2675

11620
11625
11990
11937
11208
12104
11915
11345
11205
12132
11640
11615
11190
11216
11655
11268
11748
12130
11674
11251
11578
12160
11765
11332
11340
11408
11714
11480
12090
11043
11283
11024
11796
11312
11541
12005
11330
11282
11336
11926
11240
11262
12040
11445
11725
11050
11377
11296
12113

11786
11795
12168
12123
11360
12283
12094
11504
11355
12308
11800
11775
11340
11375
11835
11418
11900
12313
11828
11404
11740
12345
11956
11475
11485
11598
11895
11646
12271
11185
11415
11100
11983
11455
11683
12190
11474
11435
11494
12095
11390
11414
12230
11585
11899
11179
11545
11433
12288

1

THICKNESS
166
170
178
186
152
179
179
159
150
176
160
160
150
159
180
150
152
185
154
153
162
185
191
143
145
190
181
166
181
142
132
76
187
143
142
185
144
153
158
169
150
152
190
140
174
129
168
137
155

405

WELL NO.

KB

TOP

BOTTOM

THICKNESS

BOTTINEAU COUNTY
38
64
110
170
286
359
524
1069
1102
1968
2219
2596
2638
3827
4192
4347
4362
4655
4670
4790
4844
4846
4918
4924
5071
5141
5147
5184
5277
5280
5692
6021
6126
6257
6535

ex

C

C
C
C

C
C
C

C
C
C
C

C

1526
1521
2205
1669
1539
2256
1513
1536
1664
1513
1494
1511
1485
1502
1516
1532
1508
1486
1488
1517
1511
1518
1562
1514
1503
1598
1534
1552
1543
1527
1587
1553
1499
1547
1589

D
D

G

G

6346
4897
5004
4855
5010
4744
6253
6457
4386
5152
5595
6017
5038
5298
6218
5028
6033
5252
5594
6417
6110
5890
6476
5895
6236
4798
6373
4868
4885
4706
6870
6565
5462
6565
6469

6525
5057
5143
5008
5184
4876
6448
6632
4505
5320
5770
6178
5167
5395
6383
5203
6222
5444
5790
6620
6282
6010
6755
6108
6385
4957

179
160
139
153
174
132
195
175
119
168
175
161
129
97
165
175
189
156
196
203
172
120
279
213
149
159

5026
5042
4879
7036
6675
5623
6705
6788

158
157
173
166
110
161
140
319

11087

130

10798
8610
10818
9289
10608
10978

115
88
106
77
101
113

BURKE COUNTY
2033
2800 C
5161 P
5908
5919
5956
6607
6802

2389
1887
2439
1901
2459
1969
2404
2394

10957
8283
10683
8522
10712
9212
10507
10865

406
WELL NO.

KB

TOP

BO'ITOM

THICKNESS

BURLEIGH COUNTY
151
763
4389
4685

1910 G
1947
2126
1865

6395
5605
6640
6330

6416
5618
6652
6350

21
13
12
20

2313
2448
2095

10
24

10834
9772
10197
9553
10238
10290
10638
10994
10566
10761
10324
10797
9905
10936
9236
9930
10213
11033
10108
10620
10145
10233
10035
10172
10122
9456
10990
10692
10825
11110
10670
9835
9948
10418
10157

187
174
160
146
165
158
180
188
165
113
109
189
165
173
91
150
176
180
163
163
152
161
172
158
154
78
198
98
108
185
170
160
158
170
149

CAVALIER COUNTY
27
37 X
2521

1554 G
1630
1581

2303
2424
2085

8

DIVIDE COUNTY
548
1443
1546
2010
4423 C
4825
4837
5009
5135
5192
5246 C
5248
5404
5535
5989
6429
6541
6603 C
6652
6673
6705
6751
6798
6864
6900
7087
7116
7395
7863
7942
8461
8495
8498
8561
8682

2241
1943
2261
2195
2235 G
2321
2112
2290
2291
2373
2364
2242
2209
2299
1903
2145
2349
2295
2170 G
2083 G
2100
2244
2141
2104
2075
1918
2236
2403
2472
2349
2101
2259
2167
2268
2107

10647
9598
10037
9407
10073
10132
10458
10806
10401
10648
10215
10608
9740
10763
9145
9780
10037
10853
9945
10457
9993
10072
9863
10014
9968
9378
10792
10594
10717
10925
10500
9675
9790
10248
10008

407
WELL NO.

KB

TOP

BOTIOM

THICKNESS

DUNN COUNTY
505 C
793 C
2400
2618
2724
3044
4220
4611
4725
4957
5621
5887
5971
6034
6082
6086
6104
6105
6148
6182
6186
6348
6396
6448
6464
6489
6492
6530
6582
6591
6605
6623
6886
6887
6967
6994
7214
7346
7360
7412
7420
7431
7460
7469
7477
7584
7614
7707
7745

2296
2102
2394
2209
2383
2200
2210
2435
2373
2212
2583
2203
2361
2518
2517
2327
2337
2673
2615
2186
2088
2359
2598
2256
2526
2310
2133
2595
2378
2130
2515
2625
2617
2310
2915
2554
2363
2261
2600
2197
2733
2500
2240
2170
2658
2322
2103
2257
2048

D

G

G
G

11010
11342
12227
10920
12212
10663
11507
12221
12507
11720
11543
11031
11823
12010
12091
11760
11755
12403
11384
11945
12122
11840
11526
11798
12344
11775
10718
11225
12423
11005
12272
12445
11453
11879
12720
12397
11816
11096
11498
11484
12696
12309
11335
11467
12385
11957
11958
11335
11370

11208
11560
12400
11076
12378
10820
11658
12358
12677
11896
11730
11165
11970
12168
12246
11916
11904
12546
11580
12110
12280
11987
11725
11967
12505
11958
10865
11420
12617
11168
12418
12590
11650
12030
12870
12560
12014
11232
11693
11633
12838
12467
11510
11614
12523
12098
12132
11515
11560

198
218
173
156
166
157
151
137
170
176
187
134
147
158
155
156
149
143
196
165
158
147
199
169
161
183
147
195
194
163
146
145
197
151
150
163
198
136
195
149
142
158
175
147
138
141
174
180
190

408

WELL NO.

KB

TOP

BOTTOM

7760
7959
7978
8077
8095
8107
8115
8235
8243
8298
8374
8394
8455
8491

2318
2544
2223
2417
2330
2538
2277
2258
2147
2245
2435
2417
2315
2635

11590
12367
10985
12245
12175
12368
10505
10785
10287
12276
12033
11706
11847
11550

11747
12530
11143
12412
12380
12530
10665
10914
10444
12435
12190
11876
12015
11738

157
163
158
167
205
162
160
129
157
159
157
170
168
188

3048
2823

9
33

11480
10995
10357
11183
10846
11536
11087
11582
10668
11475
11557
10407
11126
11455
11697
11648
11577
11415
11504
11459
11384
11098
11096
11516
10395
10863
11134
11085
11165

145
111
35
118
114
136
116
120
28
135
125
23
120
141
134
133
131
140
136
137
148
118
114
136
70
113
126
110
118

THICKNESS

EDDY COUNTY
437
7271

1478
1530

3039
2790
GOLDEN VALLEY COUNTY

410
470
4130
4791
5438
6508
6513
6531
6563
6821
6858
6861
6920
6931
6947
6972
6973
6986
7094
7255
7550
7679
7753
7768
7842
7969
8127
8233
8460

2513 D
2866 D
2867
2895
2710
2451
2841
2527
2808
2595
2446
2836
2695
2540
2531
2515
2522
2482
2422
2595
2470
2673
2759
2591
2728
2692
2786
2809
2726

11335
10884
10322
11065
10732
11400
10971
11462
10640
11340
11432
10384
11006
11314
11563
11515
11446
11275
11368
11322
11236
10980
10982
11380
10325
10750
11008
10975
11047

409

WELL NO.

KB

TOP

BOTTOM

THICKNESS

GRANT COUNTY
3636
5496
7020

2350
2408 G
2342

7878
8435
8750

7894
8475
8803

16
40
53

9518
9130
9238
9252
9536
8607
10413
9787
9020
9341
9400
10242
9720
8996
9670

70
93
108
21
115
32
113
78
54
57
122
55
105
96

5724
5826
5856

154
146
152

5924

169

5398
5754

156
147

12456
12093
11947
12363
11764
11742
12444
11576
12547
11598
11911
11372

206
173
174
183
114
169
198
176
194
170
138
178

HETTINGER COUNTY
511
4984
5447
5668
5783
6413
6795
7075
7231
7453
7819
7876
7965
8143
8312

2614
2524
2430
2561 G
2548
2508
2692
2514
2367
2669
2694
2738
2829
2442
2544

9448
9037
9130
9231
9421
8575
10300
9737
8942
9287
9343
10120
9665
8891
9574

so

McHENRY CX)UNTY
39
61
769
1354
2675
5185
5279
5281
5283
8307

C
C
C
C

1480 D
5570
1570 D
5680
1481
5704
1479 G
5285
1478
5755
But no log down that far
1476
5100
1470
4790
1477
5242
1516
5607
McKENZIE CX)UNTY

33
147
341
545
956
1495
1606
1679
1765
2373
2584
2602

2434
2480
2145
2277
2339 D
2245
2334
2017
2430
2117
2463
1983

12250
11920
11773
12180
11650
11573
12246
11400
12353
11428
11773
11194

410

WELL NO.
2665
2786
2839
2841
3086
3246
3323
3387
3488
3645
3804
4061
4062
4085
4264
4304
4439
4594 X
4723
4807
5002
5086
5182
5345
5655
5748
5774
5821
5824
5836
5840
5846
5847
5856
5866
5909
5975
5993
6014
6049
6107
6109
6112
6129
6137
6175
6178
6207
6213
6308
6366

KB

TOP

BOTTOM

2245
2385
2232
2193
2210
2221
2224
2190
2070
2379
2344
2020
2214
2212
2193
2515
2200
1956
2048
2130
2372
2382
2165
2765
2170
2445
2319
2128
2422
2411
2103
2439
2466
2131
2194
2675
2567
2262
2590
2445
2298
2463
2278
2532
2359
2369
2377
2375
2344
2491
2346

11650
12027
11657
11571
11538
11600
11592
11486
11294
11220
11720
12035
12039
12140
11393
11527
11853
11713
12010
12142
11617
11533
12035
11913
11620
12042
12357
11303
12067
12025
11580
12050
12070
11593
12340
11700
11610
11690
11605
12055
11744
12112
11757
11165
11712
11750
11747
11720
11740
11561
11680

11822
12138
11830
11743
11708
11770
11770
11657
11468
11314
11895
12220
12168

172
111
173
172
170
170
178
171
174
94
175
185
129

11568
11645
12020
11893
12193
12326
11740
11660
12153
12065
11748
12157
12510
11423
12184
12135
11714
12180
12185
11720
12503
11828
11736
11821
11780
12176
11927
12224
11938
11280
11889
11926
11927
11901
11917
11677
11860

175
118
167
180
183
184
123
127
118
152
128
115
153
120
117
110
134
130
115
127
163
128
126
131
175
121
183
112
181
115
177
176
180
181
177
116
180

THICKNESS

411

WELL NO.

KB

TOP

BOTTOM

6387
6414
6433
6437
6454
6479
6488
6493
6495
6501
6514
6532
6539
6544
6547
6558
6592
6608
6609
6613
6616
6617
6655
6710
6715
6718
6775
6776
6790
6793
6807
6826
6832
6839
6846
6894
6907
6925
6946
6959
6962
6966
6984
7001
7002
7008
7041
7066
7067
7072
7073

2321
2335
2344
2344
2286
2379
2311
2127
2199
2214
2350
2057
2295
2466
2288
2363
2327
2343
2458
2243
2100
2379
2558
2278
2373
2196
2116
2330
2276
2327
2122
2244
2363
2066
2443
2326
2313
2121
2198
2493
2247
2502
2244
1893
2269
2291
2290
1881
2327
2307
2323

11644
11667
11755
11742
11611
11708
11727
12283
11662
12050
11703
11645
11668
11505
11642
11745
11656
12070
11743
11465
11945
11802
11625
11546
11656
11754
11651
11752
12112
11707
11445
12435
11640
11585
11878
11562
12012
12287
12095
11922
11490
11590
11876
11082
11510
12277
11983
11150
11603
11578
11568

11766
11792
11935
11920
11726
11885
11906
12453
11839
12235
11878
11760
11845
11625
11819
11925
11834
12275
11855
11580
12138
12020
11750
11660
11768
11871
11806
11878
12295
11882
11567
12607
11755
11731
12003
11660
12152
12466
12286
12065
11667
11710
12005
11260
11688
12480
12124
11330
11775
11755
11750

THICKNESS
122
125
180
178
115
177
179
170
177
185
175
115
177
120
177
180
178
205
112
115
193
218
125
114
112
117
155
126
183
175
122
172
115
146
125
98
140
179
191
143
177
120
129
178
178
203
141
180
172
177
182

412

WELL NO.
7141
7142
7162
7173
7192
7200
7203
7206
7208
7209
7211
7218
7219
7226
7233
7248
7264
7292
7306
7366
7422
7435
7478
7494
7501 X
7512
7559
7561
7566
7569
7571
7572
7579
7580
7585
7590
7607
7611
7647
7648
7650
7651
7666
7680
7685
7704
7731
7746
7747
7763
7780

KB

TOP

BOTTOM

2366
2086
2402
2253
2391
2613
2224
2610
2440
2230
2289
2604
2227
2161
2052
2175
2029
2414
2402
2175
2127
2612
2397
2557
2556
2616
2470
2325
2440
2108
2486
2416
2664
2433
2391
2541
1951
2629
2204
2474
2262
2056
2523
2380
2581
2022
2448
2432
1887
2244
2282

12535
11962
11602
12100
11905
11570
12395
11659
11537
11580
11603
11665
12345
12372
12505
12055
11635
11345
12065
11832
11812
12090
12045
11970
12032
12050
11910
11673
11946
11326
12005
11949
11727
12063
11784
11639
11185
12383
11585
12034
11943
11965
11483
11785
12510
12310
12275
11665
11493
12228
11510

12704
12151
11698
12234
12112
11660
12562
11750
11640
11708
11728
11787
12502
12540
12738
12252
11751
11437
12190
12054
11965
12223
12170
12108
12183
12176
12055
11846
12155
11445
12210
12156
11847
12188
11888
11730
11363
12505
11714
12146
12091
12155
11574
11900
12642
12517
12465
11793
11696
12400
11687

THICKNESS
169
189
96
134
207
90
167
91
103
128
125
122
157
168
233
197
116
92
125
222
153
133
125
138
151
126
145
173
209
119
205
207
120
125
104
91
178
122
129
112
148
190
91
115
132
207
190
128
203
172
177

413

WELL NO.

KB

TOP

BOTTOM

7790
7795
7796
7810
7812
7822
7848
7850
7854
7874
7879
7886
7933
7941
7943
7944
7957
7971
7973
7988
7993
8002
8013
8020
8044
8086
8090
8094
8124
8156
8161
8163
8179
8184
8187
8193
8209
8222
8238
8285
8287
8314
8322
8372
8399
8435
8466
8471

2301
2035
2308
2339
2478
2439
2140
2222
2289
2385
2209
2300
2419
1980
2380
2062
2079
2082
2392
1999
2300
2356
2442
2114
2427
2453
2331
2285
2381
2399
2182
2457
2220
2445
2444
2185
2233
2401
2329
1989
2450
2221
2269
2331
2320
2332
2302
2406

11664
11945
12150
11882
11700
12064
11250
11715
12122
11927
12232
11997
12045
11472
12540
11640
11528
11594
11749
11220
11897
12047
12080
12318
11658
11933
11752
11820
11993
12390
11680
12113
12296
11872
12272
11629
11874
11812
11590
11813
11545
11622
12038
12448
12175
12290
12210
12370

11790
12142
12300
12087
11796
12184
11435
11830
12301
12127
12382
12197
12163
11613
12703
11760
11656
11732
11853
11400
12110
12178
12210
12482
11790
12072
11933
11952
12200
12543
11815
12315
12516
11997
12415
11740
12000
11947
11690
11995
11640
11745
12198
12620
12327
12450
12360
12565

THICKNESS
126
197
150
205
96
120
185
115
179
200
150
200
118
141
163
120
128
138
104
180
213
131
130
164
132
139
181
132
207
153
135
202
220
125
143
111
126
135
100
182
95
123
160
172
152
160
150
195

414
WELL NO.

KB

TOP

BOTTOM

THICKNESS

McLEAN COUNTY
22
49
7783
8060

1995
2100
2212
2109

7312
7183
10945
10654

7456
7346
11172
10863

144
163
227
209

10135
10340
10513

140
155
153

9465
7118
9015
7855
7958
8285
7974

52
18
45
35
58
53
49

11280
10838
10265
12265
11360
11653
12237
11343
12207
11824
11450
11450
10608
10856
10637
10335
10278
11345
11964
12100
12270
10875
11317

210
193
192
223
232
191
208
226
265
204
192
180
196
184
232
213
173
183
219
206
207
209
110

MERCER COUNTY
21
6683
7616

2284
2097
2080

9995
10185
10360
MORTON COUNTY

1620
5379
7340
7691
7770
7797
7937

2426
1980
2230
2094
2076
2281
1965

9413
7100
8970
7820
7900
8232
7925
MOUNTRAIL COUNTY

355
474
528
4113
4386
5072
5088 C
5257 C
5333
5831
6087
6289
6677
6764
6780
6872
7238
7362
7457
7570
7741
8071
8371

2339
2343
2271
2198
2216
2367
2409
2223
2376
2300
2325
2281
2305
2208 G
2130
2090 G
2132
2310
2146
2074
2331
1967
2308

11070
10645
10073
12042
11128
11462
12029
11117
11942
11620
11258
11270
10412
10672
10405
10122
10105
11162
11745
11894
12063
10666
11207

415
WELL NO.

KB

TOP

BOITOM

THICKNESS

OLIVER COUNTY
15
95
4940

2033 D
1924 D
2252

7035
6818
8450

7140
6900
8613

105
82
163

3391
4318
3777
4690
4534

56
68
65
80

2630
2195

20
19

6772
7847
7540
7687
7808
7626
7874
7872
7498
7530
7560
8245
8592
8587
7102

174
77
71
81
85
84
86
85
366
82
80
83
76
292
90

4309
3746
4700
4677
4245

114
82
147
145
112

5486
5800

46
26

PIERCE OOUNTY
435
538
706
3920
5576

1589 D
1556
1641 G
1605
1512

3335
4250
3712
4610
4484

so

RAMSEY OOUNTY
196
383

1476 G
1554 D

2610
2176
RENVILLE COUNTY

1689
6296
6349
6401
6436
6466
6473
6504
6624
6684
6749
7577
7717
7976
8012

C

CX
CX

P

1532
1807
1636
1703
1822
1734
1809
1716
1715
1713
1645
1830 G
1899
1899
1642

6598
7770
7469
7606
7723
7542
7788
7787
7132
7448
7480
8162
8516
8295
7012
ROLETTE COUNTY

83
316
685
806
1630

1627
1680 G
2095 G
2180
1632

4195
3664
4555
4532
4133
SHERIDAN COUNTY

665
693

1792
1984

5440
5774

416

WELL NO.

KB

TOP

BOITOM

THICKNESS

SLOPE COUNTY
91
4075
4119
4124
4164
4241
4749
5210
5499
5506
5881
5929
6048
6412
7016
7132
7890
7987
8629

2801 D
2777
2725
2729 G
2783
2868
2976
2975
2863
2856
2776
2788
2802
2751
2876
2686
2955
2870
2656

10211
10466
10440
10476
10490
10540
9815
9995
10232
10280
9750
10252
10457
10355
9648
10315
10105
10266
10137

10330
10590
10545
10605
10620
10675
9859
10040
10320
10383
9806
10350
10570
10474
9700
10424
10193
10395
10280

119
124
105
129
130
135
44
45
78
103
56
98
113
119
52
109
88
129
143

11050
10443
9378
9382
11055
9485
10817
10467
9408
11097
10925
9808
10182
10990
10858
11202
10505
11387
9753
10890

168
188
137
139
182
161
187
163
140
141
173
163
190
156
173
197
188
172
163
208

3354
2670
2638
2870

69
77
8
24

STARK COUNTY
850
3515
4134
4182
4311
5142
5143
5255
6243
6307
6447
6476
6797
7007
7127
7247
8088
8098
8169
8342

2650
2277
2341
2344
2560
2326
2688
2717
2143
2696
2496
2507
2494
2756
2521
2455
2165
2611
2372
2418

10882
10255
9241
9243
10873
9324
10630
10304
9268
10956
10752
9645
9992
10834
10685
11005
10317
11215
9590
10682

TOWNER COUNTY
100
171
194
227

1717 D
1597
1493 G
1465

3285
2593
2630
2846

417
WELL NO.
390
434
3980

KB
2393
1729 G
1761

TOP

BOTTOM

3853
3180
3336

2912
3256
3420

59
76
84

9594
6845
8360
9046
7800
8014
7187
6860
8140
7080
9600
9015
6947
6770

189
143
160
179
167
194
173
187
182
180
220
213
187
196

THICKNESS

WARD COUNTY
18
47
52
105
126
588
656
4923
4990
4992
5105
5158
5498
7612

C
C
C
C

1679
1596 D
1839
2175
1772 D
2086 D
1632
1573
1788
1618
2120
2117
1559
2219

9405
6702
8200
8867
7633
7820
7014
6673
7958
6900
9380
8802
6760
9584
WELLS COUNTY

609
689

1612
1702

3894
4075

3912
4087

18
12

11500
11457
11475
11870
11808
11318
11547
12577
11316
11626
11240
11365
11489
11444
11552
11434
11394
11460
11495
11384
11580
11218
11370

283
223
202
170
190
200
190
173
186
190
195
193
189
190
192
196
200
186
198
191
200
188
190

WILLIAMS COUNTY
25 C X
32
34
44
48
235
254
999
1231
1385
1403
1513
1514
1534
1636
1729
1745
1768
1812
1820
1856
1895
1937

2390
2442 G
2326
2378
2311 D
2467
2397
2253
2316
2360
2165
2339
2286
2340
2401
2315
2361
2361
2335
2301
2353
2102
2307

11217
11234
11273
11700
11618
11118
11357
12404
11130
11436
11045
11172
11300
11254
11360
11238
11194
11274
11297
11193
11380
11030
11180

418

WELL NO.

KB

TOP

BOITOM

1982
1998
2005
2009
2091
2092
2147
2148
2149
2150
2173
2293
2344
2371
2427
2438
2462
2487
2501
2515
2569
3398
3844
4321
4323
4340
4379
4390
4510
4514
4572
4597
4618
4665
4716
4754
4918
5015
5069
5114
5197
5373
5425
5528
5535
5545
5577
5612
5648
5656
5658

2389
2396
2385
2446
2343
2373
2261
2366
2360
2324
2390
2351
2405
2278
2323
2300
2279
2371
2392
2189
2242
2325
2370
2457
2460
1972
2495
2424
2252
2457
2293
2338
2413
2399
2294
2223
2409
1945
2345
2192
2434
2254
2268
2313
2299
2474
2303
2294
2312
2468
2458

11287
11328
11243
11125
11283
11420
11215
11301
11405
11248
11327
11253
11396
11126
11226
11239
11143
11255
11384
11113
11093
11140
11283
11180
11118
11500
11146
11128
11771
11264
11220
11865
11646
11044
11144
11896
11988
11167
11253
10978
11206
11756
11780
11120
10763
11196
11114
11123
11127
11190
11185

11484
11520
11439
11322
11471
11624
11400
11495
11593
11435
11515
11455
11590
11326
11420
11430
11337
11447
11572
11303
11287
11339
11477
11385
11318
11692
11337
11324
11922
11467
11377
12021
11800
11262
11339
12057
12148
11356
11445
11129
11404
11905
11934
11314
10935
11403
11316
11319
11324
11400
11383

CX
CX
C
CX
CX

CX

THICKNESS
197
192
196
197
188
204
185
194
188
187
188
202
194
200
194
191
194
192
188
190
194
199
194
205
200
192
191
196
151
203
157
156
154
218
195
161
160
189
192
151
198
149
154
194
172
207
202
196
197
210
198

419

WELL NO.

KB

TOP

BOTTOM

5725
5726
5762
5871
5912
5937
5968
5992
6029
6065
6098
6108
6111
6114
6306
6362
6478
6604
6642
6680
6687
6702
6723
6739
6745
6757
6789
6806
6876
6896
6915
6941
6975
7004
7054
7063
7074
7089
7115
7164
7168
7285
7330
7333
7405
7433
7470
7503
7504
7557
7565

2305
2303
2433
2301
2294
2316
2266
2305
2427
1976
2022
2289
2271
2390
2186
2305
1910
2191
2229
1912
2280
2370
2423
2082
2318
2203
2389
2192
2226
2056
2411
2212
1951
1898
2151
2339
2256
2253
2124
2087
2324
2002
2011
2287
2116
2324
2342
2183
2058
2369
2354

11150
11086
11823
11842
11180
11195
11414
11876
11232
11156
11480
11110
11160
12238
11925
11240
11862
11998
12007
11937
11483
11787
11530
10570
11319
11960
11810
11937
12027
11640
11793
11345
11966
11935
11664
12100
12630
11828
12156
11093
11363
12052
10955
11406
12215
11030
12712
11794
12156
11170
11402

11352
11294

202
208

12036
11367
11393
11596
12034
11430
11348
11673
11310
11363
12438
12093
11427
12037
12166
12177
12106
11665
11953
11732
10723
11524
12126
11970
12100
12192
11820
11988
11520
12143
12108
11828
12286
12798
12015
12357
11270
11562
12220
11130
11618
12390
11212
12882
11964
12327

194
187
198
182
158
198
192
193
200
203
200
168
187
175
168
170
169
182
166
202
153
205
166
160
163
165
180
195
175
177
173
164
186
168
187
201
177
199
167
175
212
175
182
170
170
171

11604

202

G
G

G
G

THICKNESS

420

WELL NO.

KB

TOP

BOITOM

7578
7595
7603
7632
7665
7692
7712
7781
7834
7848
7856
7870
7903
7915
7931
8039
8082
8140
8180
8239
8256
8316
8413
8423
8531

2150
2504
2268
2172
2372
2192
2249
1950
2191
2140
2370
2146
2100
2278
2124
2301
2200
2363
2133
2298
2241
2157
2255
2155
2158

12228
11240
11550
11792
11440
12000
12584
11947
11483
11250
11002
10788
11673
12585
12296
11294
12410
12635
11247
11630
12380
10757
11700
11945
11652

12400
11438
11746
11970
11638
12163
12763
12121
11656
11435
11197
10940
11855
12760
12477
11497
12590
12825
11425
11820
12555
10922
11892
12100
11840

C

THICKNESS
172
198
196
178
198
163
179
174
173
185
195
152
182
175
181
203
180
190
178
190
175
165
192
155
188
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WELLS WITH WINNIPEGOSIS CORE:
WELL LOG, POSITION OF CORE, INTERPRETED ENVIRONMENTS OF DEPOSITION
Introduction
Appendices C, D, and E include information about wells with
Winnipegosis core. Included for each well in Appendix Care the
following: 1. North Dakota Geological Survey well number, elevation
of the kelly bushing in feet; 2. mechanical log of Winnipegosis
Formation and adjacent formations, showing position of core in the
central strip of the log with interpreted environments of deposition
indicated. The core descriptions by intervals can be found in Appendix
D and thin section descriptions in Appendix E.
The wells in Appendix Care arranged first alphabetically by
county and then numerically by NDGS well number within each county.
The geographic location of the cored wells is shown in Figure 7 in the
Introduction chapter.
EXPLANATION:
Mechanical Logs:

Environments of Deposition:

Caliper
Gamma Ray
N
Neutron
R Resistivity
S
Sonic
SP Spontaneous Potential

B
BR
DS
F
L
R
RB

C
GR

Formations:
DB
P
W
A
I

s

Dawson Bay
Prairie
Winnipegosis
Ashern
Interlake

422

Basin
Back reef
Deep shelf
Tidal flat
Lagoon
Reef
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evaporite
basin
Shallow shelf
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APPENDIX D
CORE DESCRIPTIONS

CORE DESCRIPTIONS
Introduction
Figure 7 (in the text) is a map which shows the location of cored
wells by NDGS well number and Table 1 includes cored well names,
location, stored location of core slabs and thin sections.
The description of the core is based upon a wetted, megascopic
view of the rock with a ten-power hand lens. Intervals of similar rock
are described as one unit. Cored intervals are listed by depth in this
appendix, from stratigraphicly highest to lowest. The descriptions of
cored wells are organized first alphabetically by county and then
numerically by NDGS well number within the county. Representative
slabs of core were selected for a separate reference collection for the
Winnipegosis Formation which is stored in the Wilson M. Laird Core and
Sample Library of the North Dakota Geological Survey. The slabs are
numbered (6535-6540), first with North Dakota Geological Survey well
number, followed by a dash, in turn followed by the depth in feet below
kelly bushing (KB). If the depth overlapped feet, the number was
slashed (6535-6544/45). If more than one slab was taken per foot, they
are marked with letters; A is stratigraphically higher than B, etc.
(e.g., 6535-6809A, 6535-6809B). Up arrows are marked on each slab.
Dunham's (1962) carbonate classification is used.
for summary of terminology.

See Figure 8

BOTTINEAU COUNTY
NDGS Well No. 38

6342.0

bottom of Prairie Formation.

6342. 0 - 6351. 3

medium brown and medium gray-brown, mottled
dolomudstone matrix with light to medium brown and
medium gray-brown intraclasts; and minor tan, light
to medium red, medium gray, light to medium brown
dolomudstone intraclasts in a light gray to light
pink dolomudstone matrix (breccia).

6351.3 - 6352.3

mottled and swirled, tan dolomudstone; light gray
anhydrite; and light gray mottled dolomudstone with
pyrite mottling (intraclasts of above unit similar
to this).

6352.3 - 6353.0

light to medium brown dolomudstone with dark brown
wispy stringers separating thin-beds (average 1
cm).

6353.0 - 6356.0

light gray-brown ?mollusk, ?peloid, ?red algae
dolowackestone and dolopackstone.

440

441
6356.0 - 6372.3

light brown, mottled, porous ?dolomudstone with
medium brown mottled areas, dark wispy stringers
and with stylolites, periodic "crustose" layers, and
with rare corals (Thamnopora and solitary
rugosans), and brachiopods, and with open and
calcite-filled fractures, and with regions of
recrystallization alternating with regions of
dolostone.

6372.3 - 6436.0

light and medium brown, mottled, porous,
?dolomudstone with rare intervals of coral
(Thamnopora), stromatoporoid, crinoid
dolowackestone with open fractures, bladed anhydrite
filling vugs, dark wispy stringers, microstylolites
and stylolites, and with disseminated and
concentrated pyrite.

6436.0

missing core.

6439.0

6439.0 - 6442.0

medium to dark gray-brown, mottled ?dolomudstone
(more organic-rich and argillaceous than above unit
as well as less recognizably fossiliferous).

6442.0

missing core.

6445.0

6445.0 - 6475.3

same as 6439.0 - 6442.0, but becoming light to
medium brown downward due to lessening of organic
and argillaceous content, almost shaly near base.

6475.3 - 6477.0

same as above units except tan to light brown and
not shaly.

6477.0 - 6490.1

tan to light brown, massive, porous ?dolomudstone
with dark wispy stringers, intervals of extensive
recrystallization, ghosts of ?brachiopods, corals
and crinoids, with both moldic and intercrystalline
porosity and with bladed anhydrite filling vugs.

6490.1 - 6508.3

same as 6445.0 - 6475.3, but becoming yellowish tan,
with many fractures and with pyrite and organic-rich
mottles.

6508.3 - 6525.1

medium brown, mottled ?dolomudstone with dark wispy
laminations and disseminated pyrite.

6525.1 - 6530.7

medium brown and medium gray, dolomitic, mottled,
brachiopod mudstone and wackestone with rare
packstone.

6530.7 - 6533.0

tan to light brown, mottled dolomudstone.

6533.0

top of Ashern Formation.

T

442
NDGS Well No. 286
5087.0 - 5102.2

beige, porous dolomudstone with medium brown, wispy
stringers.

5102.2 - 5107.8

light to medium brown (darkens downward)
dolomudstone with dark brown, wispy stringers.

5107.8 - 5135.0

light to medium brown, brachiopod, coral
dolowackestone and dolomudstone with dark brown,
wispy stringers and rare vugs lined with pyrite.

5135.0 - 5137.0

light to medium brown dolowackestone with anhydrite
filling fractures and forming nodules, with rare
crinoids, and with ?bivalve moldic porosity, and
with dark brown, wispy stringers and stylolites.

NDGS Well No. 2219
5594.0 - 5613.2

tan, porous, laminated dolomudstone with medium
brown, organic-rich stringers and stylolites, both
emphasizing lamination.

5613.2 - 5627.0

tan to light brown, porous ?doloboundstone with
medium brown stringers, stylolites and rare
anhydrite nodules; organism causing porous texture
- porosity pattern of coral (Alveolites).

5627.0

missing core.

5635.0

5631. 0 - 5635. 0

same as 5612.2 - 5627.0.

NDGS Well No. 2596
6075.0 - 6087.7

light to medium brown, brachiopod dolomudstone with
anhydrite filling fractures and forming nodules; and
light brown, wispy-laminated dolomudstone.

6087.7 - 6088.9

light to dark brown, organic-rich, wispy-laminated
dolomudstone.

6088.9 - 6103.0

light and medium brown, mottled, crinoid, brachiopod
dolowackestone and dolopackstone with patches of
dolomudstone.

NDGS Well No. 2638
5044.6 - 5045.9

T

tan to medium brown, mottled and laminated
dolomudstone with medium brown, wispy stringers.

443
5045.9 - 5059.5

tan, porous dolomudstone with medium brown, wispy
stringers.

NDGS Well No. 4790
6427 - 6434

light gray, tan to light brown, mottled, ?codiacean
algae, crinoid, coral (Thamnopora, Favosites),
stromatoporoid ?boundstone with ?stromatolites.

6434 - 6439

light gray, tan to light brown, coral
(Thamnopora), stromatoporoid, ?codiacean algae
dolowackestone to dolopackstone, with vugs lined
with calcite and bladed anhydrite.

6439 - 6441

tan to light brown, mottled ?dolomudstone.

6441 - 6444

light gray and light brown, mottled ?dolowackestone
with rare ghosts of corals (Thamnopora,
Syringopora), and with vugs lined with calcite and
bladed anhydrite.

6444 - 6461

tan to light brown, mottled, porous, crinoid
?dolomudstone with medium brown, wispy stringers,
stylolites, and rare ghosts of corals
(Thamnopora) and codiacean algae.

NDGS Well No. 4918
6490.0 - 6494.4

red, mottled dolomudstone with vugs and fractures
filled with bladed anhydrite.

6494.4 - 6506.6

light to dark gray, mottled, argillaceous
dolomudstone with disseminated pyrite.

6506.6 - 6508.2

medium to dark brown, mottled ?dolomudstone.

6508.2 - 6516.0

light to medium brown, rarely mottled, porous, wavyand flat-laminated ?dolomudstone; groups of
laminations separated by stylolites, laminations
within group parallel, however, laminations of group
may occur at angle to laminations of next group.

6516.0 - 6519.0

medium to dark brown, mottled ?dolomudstone.

6519.0 - 6549.0

tan to light brown, porous, mottled coral
(Alveolites), stromatoporoid doloboundstone.

6549.0

missing core.

6551.0

6551.0 - 6562.1

T

same as 6519.0 - 6549.0.
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6562 .1 - 6581. 7

beige, light to medium brown, porous, mottled,
crustose, pisolite, brachiopod, coral
(Alveolites), stromatoporoid ?doloboundstone.

6581. 7 - 6589. 9

light to medium brown, porous, mottled, coral
(Alveolites), stromatoporoid ?doloboundstone.

6589.9 - 6599.1

medium to dark brown, mottled, crustose, pisolite,
brachiopod, codiacean algae, coral (Alveolites),
stromatoporoid ?doloboundstone.

6599.1

missing core.

6601.4

6601. 4 - 6604. 4

light to medium brown, porous, mottled, coral
(Alveolites) ?doloboundstone.

6604.4 - 6629.1

medium and dark brown, mottled, porous, pisolite,
brachiopod, codiacean algae, coral (Alveolites),
stromatoporoid ?doloboundstone.

6629.1 - 6639.7

light to medium brown, mottled, finely porous, coral
(Alveolites), stromatoporoid ?doloboundstone
with dark brown stringers.

6639.7 - 6642.0

medium to dark brown, mottled, porous ?dolomudstone.

6642.0 - 6647.4

tan to medium brown, porous, intraclast, brachiopod,
coral (Alveolites), stromatoporoid packstone
with small anhydrite nodules.

6647.4 - 6648.4

medium brown, very porous ?dolomudstone with dark
brown stringers.

6648.4 - 6665.3

tan, porous, mottled, codiacean algae, coral
(Alveolites) ?doloboundstone with rare anhydrite
nodules.

6665.3 - 6670.4

medium to dark brown, finely porous, coral
(Alveolites), codiacean algae dolowackestone and
dolopackstone with dark brown stringers and
stylolites.

6670.4 - 6679.1

beige to medium brown, brachiopod, peloid, codiacean
algae wackestone and packstone with rare anhydrite
nodules and occasional porosity.

6679.1 - 6682.5

dark brown, codiacean algae dolomudstone with oil
stain.

6682.5 - 6696.8

tan, light to medium brown, recrystallized, crinoid,
brachiopod, coral (Thamnopora), codiacean algae
wackestone and packstone, with dark brown stringers
and lenses, and with stylolites.

T
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6696.8 - 6702.0

beige to tan, porous, coral (Thamnopora),
codiacean algae wackestone and packstone.

6702.0 - 6703.2

medium brown, porous, dolomitic codiacean algae
packstone.

6703.2 - 6704.2

dark brown, mottled, codiacean algae dolowackestone
and dolopackstone.

6704.2 - 6714.0

beige, tan to medium brown and greenish-gray,
mottled, porous, dolomitic, peloid, brachiopod,
crinoid, stromatoporoid, codiacean algae
dolowackstone with stylolites.

6714.0 - 6715.1

beige, chalky dolomudstone.

NDGS Well No. 4924
5910.0 - 5917.2

light brown, porous, stromatoporoid, coral
(Alveolites) ?doloboundstone.

5917.2 - 5924.9

dark brown, mottled, porous ?dolomudstone.

5924.9 - 5927.6

beige to tan, mottled ?dolomudstone with dark brown
stringers and stylolites and with rare anhydrite
in vugs.

5927.6 - 5928.2

medium brown, mottled ?dolomudstone.

5928.2 - 6008.2

light to medium brown (becoming lighter downward),
mottled, porous, coral (Alveolites)
?doloboundstone, with dark brown stringers.

6008.2 - 6019.4

medium brown, crinoid, coral (Alveolites)
?doloboundstone.

NDGS Well No. 5184
4858.0 - 4864.5

medium brown and gray, laminated and thin-bedded
(1-2 cm), argillaceous dolomudstone; some with
hematite staining, occasionally faulted and
brecciated, and fractures filled with anhydrite.

4864.5 - 4869.1

beige, tan and light gray dolomudstone swirled with
dark gray anhydrite producing mottling, with
fenestral fabric filled with anhydrite, and with
rare disseminated pyrite.

4869.1 - 4872.3

tan, light and medium brown, thin-bedded (1-2 cm),
dolomitic, stromatoporoid packstone with stylolites
and anhydrite nodules.
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4872.3 - 4882.4

light brown, porous, crinoid dolomudstone with
medium brown wispy stringers and small anhydrite
nodules.

NDGS Well No. 5277
4836.0 - 4862.8

rust and gray, mottled, argillaceous dolomudstone
("Second Red Bed" or Prairie Formation).

4862.8 - 4878.4

dark gray and brown-gray, intraclast (breccia),
argillaceous packstone.

4878.4 - 4882.4

mottled and swirled, beige to light gray
dolomudstone and medium to dark gray anhydrite.

4882.4 - 4883.7

beige and light brown, mottled, laminated, mudcracked dolomudstone with fenestral fabric filled
with anhydrite.

4883.7 - 4899.3

tan to medium brown, mottled, and laminated
dolomudstone with rare anhydrite nodules.

4899.3 - 4899.7

dark brown dolomudstone.

4899.7 - 4910.1

medium brown, porous, coral, stromatoporoid
dolowackestone with medium brown stringers and
stylolites.

NDGS Well No. 5280
4689.9 - 4702.3

dark gray, argillacous dolomudstone with rare
medium gray and pink intraclasts and with black
mottling grading downward into medium gray, mottled
dolomudstone.

4702.3 - 4705.2

mottled and swirled, tan dolomudstone and light to
medium blue-gray anhydrite.

4705.2 - 4710.9

beige, tan, light gray, light to dark brown,
laminated dolomudstone mottled with light
blue-gray anhydrite, with mudcracks, intraclasts,
and rare fenestral fabric.

4710.9 - 4719.1

beige to tan, dolomitic, peloid packstone and
grainstone.

4 719 • 1 - 4 750. 0

beige, tan to light brown, .porous, dolomitic
brachiopod, mollusk, crinoid, coral
(Thamnopora), stromatoporoid packstone,
grainstone and boundstone.
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NDGS Well No. 5692
6872.0 - 6926.7

white and beige anhydrite swirled with tan to medium
brown dolomudstone, dolomudstone occurring in
patches and stringers, amount of dolomudstone
increasing downward.

6926.7 - 6932.3

interlaminated and alternating thin-bedded (>1 cm),
tan to light brown dolomudstone and beige anhydrite,
with small, anhydrite nodules within dolomudstone.

NDGS Well No. 6535
6465.0 - 6467.5

light gray, brecciated dolomudstone with pink
anhydrite in vugs.

6467.5 - 6477.3

red to pinkish red, brecciated, dolomudstone with
clear anhydrite in vugs.

6477.3 - 6493.2

brick red, brecciated, dolomudstone with black 1-2
centimeter-thick partings and clear anhydrite in
vugs.

6493.2 - 6496.5

red to pinkish red, mottled and brecciated
dolomudstone with black, centimeter-thick
dolomudstone concentrated with stringers, and with
clear anhydrite in vugs.

6496.5 - 6500.6

light gray and light pink, mottled and brecciated,
dolomudstone with clear anhydrite in vugs.

6500.6 - 6505.2

light brown to gray-brown, mottled and brecciated,
dolomudstone with pyrite and with medium gray,
medium brown and black intraclasts.

6505.2 - 6506.5

light gray, mottled anhydrite and dolomudstone with
disseminatd pyrite.

6506.5 - 6514.2

beige to light brown, porous, wavy- and flatlaminated dolomudstone; groups of laminations
separated by stylolites from other groups;
laminations within group parallel or with angular
relationship to other groups.

6514.2 - 6518.2

tan to light brown, porous, coral (?Alveolites)
?doloboundstone with clear anhydrite in some vugs.

6518.2 - 6522.5

beige, porous, coral (Alveolites),
stromatoporoid ?doloboundstone.

6522.5 - 6536.0

missing core.

T
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6536.0 - 6548.8

same as 6518.2 - 6522.5.

6548.8 - 6570.0

light to dark brown, porous, mottled, brachiopod,
coral (Alveolites), ?doloboundstone with calcite
lining vugs.

6570.0

missing core.

6597.0

6597.0 - 6614.1

light to medium brown, porous, mottled, codiacean
algae ?doloboundstone with calcite lining vugs and
with white to beige dolomudstone lenses.

6614.1 - 6614.9

beige, porous, brachiopod, codiacean algae
?doloboundstone.

6614.9

missing core.

6627.1

6627.1 - 6630.9

tan to medium brown, porous, mottled, codiacean
algae packstone with calcite lining vugs.

6630.9 - 6632.1

tan, codiacean algae dolowackestone with medium
brown dolomudstone mottling.

6632 .1 - 6641. 2

tan to light brown, porous, mottled, brachiopod,
coral (Thamnopora), peloid, codiacean algae
wackestone to packstone with white dolomite.

6641.2 - 6645.4

tan to light brown, finely porous, mottled,
brachiopod, coral (Thamnopora) packstone with
some vugs filled with anhydrite.

6645.4

missing core.

6651.9

6651. 9 - 6653. 5

tan ?dolomudstone.

6653.5 - 6665.3

tan to light brown, mottled, gastropod, brachiopod,
coral (Thamnopora), peloid, codiacean algae
packstone.

6665.3 - 6668.8

tan to light brown, porous, mottled, codiacean
algae, peloid, brachiopod wackestone to packstone.

6668.8 - 6676.4

beige, porous, peloid, codiacean algae wackestone to
packstone.

6676.4

missing core.

6709.1

6709.1 - 6739.0

beige, porous, mottled, crinoid, brachiopod, coral
(Thamnopora), peloid, codiacean algae wackestone
to packstone.

6739.0 - 6758.0

missing core.

449
6758.0 - 6762.0

same as 6709.1 - 6739.0.

6762.0 - 6769.5

light to medium brown and medium gray, mottled,
dolomitic, brachiopod, crinoid wackestone with
coated grains.

6769.5 - 6781.8

light to medium brown, mottled, dolomitic mudstone
interbedded with crinoid, brachiopod wackestone to
packstone with wispy stringers and stylolites and
with anhydrite nodules.

6781.8 - 6782.8

tan, light to medium brown, mottled, intraclast,
dolowackestone with disseminated pyrite.

6782.8

top of Ashern Formation.

BURKE a>UNTY
NDGS Well No. 2800
8283.0

bottom of Prairie Formation.

8283.0 - 8289.0

beige to dark brown, porous dolomudstone and
beige anhydrite with halite in vugs.

8289.0 - 8303.0

laminated, beige to dark brown anhydrite and tan
dolomudstone, with some enterolithic development
and with white anhydrite nodules.

8303.0 - 8310.9

laminated, interbedded to lateral change of dark
gray, fractured, mudstone and beige to light brown
dolomudstone ("diagenetic front") with small dark
gray anhydrite nodules, with white anhydrite filling
fractures and with disseminated pyrite.

8310.9 - 8313.7

dark gray, undulatingly laminated mudstone with
patchy distribution of medium brown, laminated
dolomudstone with white anhydrite filling fractures
and vugs.

8313.7 - 8317.7

tan to medium brown, mottled and laminated
dolomudstone with isolated celestite crystals.

8317.7 - 8319.8

light to medium brown dolomudstone.

8319.8 - 8322.5

dark gray, mottled and laminated mudstone with
microstylolites enhancing lamination.

8322.5 - 8322.9

dark gray mudstone.

8322.9

top of Ashern Formation.
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DIVIDE COUNTY
NDGS Well No. 4423

(this "core" is now represented by core chips
taken every foot)

10065 - 10066

tan to light brown, mottled, porous dolomudstone
with vugs filled with halite.

10067 - 10072

light to medium gray, mottled dolomudstone
with fractures filled with calcite.

10073 - 10077

light to dark brown, mottled and laminated
dolomudstone.

10078 - 10083

medium brown, porous, peloid ?dolomudstone with vugs
both open and filled with anhydrite.

10084 - 10089

medium brown, mottled and very thin-bedded (0.5-1.0
cm), dolomitic mudstone.

10090

medium gray, codiacean algae wackestone.

10091

medium to dark gray and medium brown, dolomitic,
stromatoporoid, coral (Thamnopora) wackestone
and packstone.

10092 - 10098

medium to dark gray and medium brown, thin to medium
bedded (1-4 cm), dolomitic codiacean algae
packstone.

10099 - 10105

medium to dark brown dolomudstone with light brown
mottled areas and oil stain, and with halite in
vugs.

10106 - 10115

light to dark gray and medium brown, mottled,
dolomitic, coral (Thamnopora), crinoid,
brachiopod mudstone to wackestone with stylolites
and with preferential dolomitization of bioturbated
areas.

NDGS Well No. 5246
10201.1 - 10203.9

mottled, beige and light to dark blue-gray anhydrite
and beige, porous dolomudstone with medium brown
dolostone intraclasts.

10203.9 - 10213.1

light to dark gray, mottled anhydrite with dark gray
organic stringers.

10213.1 - 10222.2

light to dark gray and medium gray-brown, laminated,
mottled and enterolithic anhydrite and medium brown
dolomudstone with dark gray organic stringers and
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with small anhydrite nodules within dolomudstone.
10222.2 - 10231.6

tan to light brown, faintly laminated and coarsely
mottled dolomudstone with minor laminations and rare
anhydrite nodules.

10231.6 - 10242.0

light to medium brown, mottled dolomudstone with
rare dark brown, £laser lenses and minor lamination.

10242.0 - 10247.6

medium brown, mottled mudstone with stylolites,
faulted.

10247.6 - 10257.4

light brown, laminated mudstone with fractures.

10257.4 - 10266.8

light brown to dark gray-brown, mottled mudstone.

10266.8 - 10271.6

dark gray-brown, laminated mudstone with many
stylolites.

10271.6 - 10273.2

light to dark brown, mottled dolomudstone with
anhydrite nodules.

10273.2 - 10276.7

light to medium brown, mottled, dolomitic crinoid
wackestone with anhydrite nodules and with
celestite crystals.

10276.7 - 10305.0

medium brown and medium gray, crinoid wackestone
mottled with brachiopod wackestone, both with
celestite crystals.

10305.0

top of Ashern Formation.

NDGS Well No. 6603

(top and bottom boxes of this core were found
and described, the middle seven boxes were
"lost" in the core library)

10837 - 10842

medium to dark gray, light to medium brown
dolomudstone with interbedded white to light gray
anhydrite.

10842

missing core.

10862

10862 - 10864

dark gray and medium brown, laminated and mottled
dolomudstone.

DUNN COUNTY
NDGS Well No. 505
11156

(This core consists of "representative cut" of
six pieces~ it is not complete.)
medium gray, mottled, brachiopod wackestone with
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fractured intraclasts.
11167

medium to dark gray, coral (Alveolites),
stromatoporoid packstone.

11178

medium gray, mottled, crinoid, bryozoan, brachiopod
wackestone.

11184

medium gray, mottled, crinoid, brachiopod
wackestone.

11194

medium to dark gray, brachiopod, crinoid packstone
and mottled brachiopod mudstone.

11202

top of Ashern Formation.

NDGS Well No. 793
11365.0

bottom of Prairie Formation.

11365.0 - 11368.3

dark gray, mottled mudstone.

10368.3 - 11369.4

light to medium brown, laminated and mottled
dolomudstone with halite-filled vugs and fractures.

11369.4 - 11374.0

medium to dark brown and dark gray, laminated and
mottled mudstone with halite-filled fractures and
anhydrite nodules.

11374.0 - 11376.7

medium brown, dolomitic mudstone, with fractures
lined and filled with halite.

11376.7 - 11379.6

black and dark gray, laminated mudstone with
halite-filled fractures.

11379.6 - 11395.1

swirled mixture of medium brown, mottled
dolomudstone; beige to light brown, mottled
anhydrite with beige to light brown dolomudstone;
and beige to light brown, laminated dolomudtone.

11395.1 - 11401.0

light to medium brown, mottled and laminated
dolomudstone with mottling and nodules of medium
gray anhydrite.

11401.0 - 11406.1

light brown, mottled dolomudstone.

11406.1 - 11411.2

medium brown and dark gray, mottled, dolomitic
mudstone with halite-filled fenestral fabric.

11411.2 - 11420.3

medium brown, dolomitic mudstone with many
fractures.

r
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11420.3 - 11426.2

medium gray, mottled, brachiopod, crinoid packstone
and wackestone.

11426.2 - 11438.0

medium to dark gray, mottled, coral, crinoid,
brachiopod packstone with minor mudstone and
wackestone; brachiopods collapsed, filled partly
with mud, or half-filled with mud and lined or
half-filled with calcite spar (geopetal fabric);
those collapsed, not filled with calcite spar.

11438.0

missing core.

11444.7

11444.7 - 11453.3

medium brown to dark gray, mottled, dolomitic,
crinoid, brachiopod, stromatoporoid, coral
(Thamnopora) wackestone and packstone.

11453.3 - 11460.5

light to medium gray, mottled, intraclast, crinoid,
brachiopod, coral (Thamnopora) packstone.

11460.5 - 11468.0

medium gray-brown, mottled, crinoid, brachiopod,
coral (Thamnopora) packstone with minor mudstone
and wackestone.

11468.0 - 11475.1

medium gray and medium brown, mottled, crinoid,
brachiopod mudstone and wackestone.

11475.1 - 11487.0

medium gray and medium brown, mottled, crinoid,
brachiopod packstone interbedded with minor
wackestone and mudstone.

11487 .o

missing core.

11499.0

11499.0 - 11508.6

same as 11475.1 - 11487.0.

11508.6 - 11511.0

medium brown, coral (Thamnopora) mudstone and
and wackestone.

11511.0

11522.0

missing core.

11525.9

medium brown-gray~ mottled, brachiopod, crinoid
mudstone.

11525.9 - 11531.7

medium brown and medium bray, mottled, crinoid,
brachiopod wackestone with minor packstone and
mudstone.

11531.7 - 11534.0

medium brown to d~rk gray-brown, mottled mudstone
with rare crinoids.

11534.0

missing core.

11522 .o

-

11544.0

11544.0 - 11556.0

l

dark to medium brown and medium gray, mottled,
dolomitic mudstone with minor wackestone.
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11556.0 - 11568.0

missing core with top of Ashern Formation within
this interval.

McHENRY COUNTY
NDGS Well No. 5185
5229.7 - 5230.1

beige, laminated dolomudstone.

5230.1 - 5230.7

tan to light brown, mottled, dolomudstone with
pyrite concentrated in mottles and with rare small
anhydrite nodules.

5230.7 - 5231.5

light brown, coral (Syringopora, solitary
rugosan), mollusc, peloid packstone.

5231.5 - 5232.1

light brown, peloid packstone with rare mollusks.

5232.1 - 5234.5

tan to medium brown, porous ?dolomudstone with
wispy stringers.

5234.5 - 5235.4

tan to light brown, peloid, stromatoporoid
(Amphipora) wackestone and packstone.

5235.4 - 5256.6

tan, light to medium brown, brachiopod, coral
(Alveolites), stromatoporoid dolowackestone and
dolopackstone with rare dolomudstone.

5256.6 - 5263.4

beige, tan to light brown, porous dolomudstone with
wispy stringers and rare corals and stromatoporoids
and with large anhydrite nodules.

5263.4 - 5284.0

tan to light brown, porous, dolomitic, crinoid,
brachiopod, peloid, coral (Thamnopora,
Favosites, Syringopora, Alveolites),
stromatoporoid mudstone, wackestone, and packstone
with stylolites and wispy stringers and with bladed
anhydrite crystals in matrix and rare anhydrite
nodules.
·

NDGS Well No. 5279
5078.0 - 5093.7

tan, dark brown, and dark gray, mottled,
thin-bedded, and laminated argillaceous
dolomudstone.

5093.7 - 5094.2

medium to dark gray, mottled, and interbedded
dolomudstone and medium gray anhydrite.

5094.2 - 5098.3

mottled, beige dolomudstone and gray-brown anhydrite
with anhydrite filling fractures and fenestral
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fabric in dolomudstone.
5098. 3 - 5101. 5

beige, light to medium brown, mudcracked, laminated
and mottled dolomudstone with rare anhydrite
mottles.

5101. 5 - 5104. 6

beige to medium brown and medium gray, laminated and
mottled mudstone.

5104.6 - 5107.0

beige and light gray, mottled and laminated,
gastropod, coral, stromatoporoid, crinoid,
brachiopod wackestone with stylolites.

5107.0 - 5121.7

light to medium brown, porous, mottled,
stromatoporoid, crinoid, coral, brachiopod
dolomudstone and dolowackestone with wispy black
stringers and rare elongated anhydrite nodules.

5121. 7 - 5129.2

medium to dark brown, porous, mottled, crinoid,
coral, bivalve dolowackestone and dolomudstone with
concentration of dark brown organic content and
stringers.

NDGS Well No. 5281
4780.7 - 4783.2

dark brown to black, laminated and mottled,
argillaceous dolomudstone.

4783.2 - 4785.8

medium to dark brown and black, with light gray and
medium brown, flat and wavy laminated and mottled
dolomudstone with gray intraclasts.

4785.8 - 4798.1

light to dark gray and light to dark brown, mottled
and swirled dolomudstone with light blue-gray
anhydrite, interbedded with beige to light brown,
laminated, intraclastic, mudcracked and fenestral
dolomudstone.

4798.1 - 4800.4

beige, laminated and mottled dolomudstone with
light blue-gray anhydrite.

4800.4

missing core.

4803.7

4803.7 - 4808.6

medium to dark brown, mottled and laminated
dolomudstone with coalescing anhydrite nodules and
with silicification.

4808.6 - 4814.2

medium brown, burrowed and mottled dolomudstone with
dark brown, wispy stringers and with rare anhydrite
nodules.

T
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NDGS Well No. 5283
5232.0 - 5243.2

light to dark brown and gray-brown, mottled,
argillaceous dolomudstone.

5243.2 - 5244.9

dark brown anhydrite with light gray and light to
dark brown, mottled, intraclast dolomudstone.

5244.9 - 5247.9

light to medium brown, laminated, mudcracked, and
mottled dolomudstone with rare white and light to
medium gray anhydrite mottling.

5247. 9 - 5251. 9

tan, light to dark brown, laminated and
thin-bedded dolomudstone with intraclasts, rare
burrowing and mottling.

5251.9 - 5253.4

tan, light and medium gray, mottled and laminated
dolomudstone and dark gray anhydrite with rare
fenestral fabric.

5253.4 - 5257.0

tan and light brown, coral (solitary rugosan),
stromatoporoid packstone and wackestone and rare
mudstone, with partial anhydrite replacement of
corals.

5257.0 - 5263.5

tan and light brown, crinoid, stromatoporoid
wackestone.

5263.5 - 5267.6

light to medium brown, stromatoporoid wackestone
and packstone.

5267.6 - 5275.7

tan, light to dark brown, dolomitic, coral,
brachiopod, stromatoporoid wackestone and mudstone.

5275. 7 - 5281. 2

medium brown, dolomitic, brachiopod wackestone.

5281. 2 - 5287. 5

light to medium brown, mottled, dolomitic, coral,
stromatoporoid, crinoid wackestone and packstone
with dark brown stringers.

5287.5 - 5289.9

light to dark brown, mottled, dolomitic, crinoid,
brachiopod wackestone.

MOUNTRAIL COUNTY
NDGS Well No. 5088
12015.2
12015.2 - 12016.2

bottom of Prairie Formation.
light brown, vuggy dolomudstone with dark gray
anhydrite nodules and clear halite.
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12016.2 - 12018.9

beige to light brown, vuggy dolomudstone
with anhydrite nodules.

12018.9 - 12022.8

beige to light brown dolomudstone with rare thin
organic laminations and with disseminated pyrite.

12022.8 - 12024.7

beige to light brown, vuggy, mottled dolomudstone.

120244.7 - 12025.6 light brown, mottled dolomudstone.
12025.6 - 12034.8

medium brown, peloid dolomudstone, with fenestral
fabric in upper portion and coral in lower portion
and with celestite crystals.

12034.8 - 12044.4

alternating, dark brown, mottled and laminated
mudstone with organic lenses and celestite crystals
and dark gray, mottled, coral wackestone.

12044.4 - 12046.0

beige to light brown, dolomitic mudstone with rare
wispy, organic-rich stringers.

12046.0 - 12057.1

dark brown, laminated, dolomitic mudstone with
decreasing organic content grades downward into
medium brown, mottled dolomitic mudstone with rare
anhydrite nodules.

12057.1 - 12063.8

light to medium brown, stromatoporoid, coral
wackestone.

12063.8 - 12086.7

medium brown to black, mottled, and thin-bedded
(1-2 cm) dolomitic mudstone becoming less mottled
and decreasingly bedded downward.

12086.7 - 12090.8

dolomitic mudstone.

12090.8 - 12141.2

dark gray to black mudstone with thin lenses of
brachiopod wackestone which rarely grades upward
into mottled, dark gray, dolomitic mudstone.

12141.2 - 12223.3

medium to dark gray, mottled mudstone with rare
brachiopod, crinoid wackestones and packstones,
and with halite-filled vugs.

12223.3 - 12228.2

medium to dark brown, mottled, thin-bedded,
dolomitic mudstone with burrows interrupting
bedding, with halite in vugs.

12228.2 - 12231.0

light brown, mottled dolomudstone.

12231.0

light brown and light gray brecciated dolomudstone
(contact with Ashern Formation within this unit).

12232.3
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NDGS Well No. 5257
11119.0 - 11129.0

tan to light brown, faintly laminated dolomudstone
with rare anhydrite mottling and with pale orange
halite filling vugs.

11129.0 - 11131.5

fractured, black mudstone with bright orange halite
in vugs and fractures, small cubic crystals line
vug and fibrous crystals cross center of vug.

11131.5 - 11141.1

same as 11119.0 - 11129.0.

11141.1 - 11141.8

laminated and thin-bedded (1-2 cm), medium to dark
brown dolomudstone and medium gray mudstone with
rare mottling.

11141.8 - 11145.5

light brown, mottled dolomudstone with disseminated
pyrite and with pale orange halite in vugs.

11145.5 - 11151.7

same as 11141.1 - 11141.8.

11151.7 - 11163.3

mottled, light brown dolomudstone and dark gray
anhydrite, with clear halite filling vugs grading
downward into medium brown and dark gray, mottled
and vaguely laminated dolomudstone.

11163.3 - 11171.7

fractured, mottled medium brown dolomudstone;
dark brown, thin-bedded (1-2 cm) and laminated
dolomudstone; and rare dark gray anhydrite with
celestite crystals.

11171.7 - 11175.9

medium to dark brown, mottled and thin-bedded (1-2
cm) mudstone and dolomudstone, with stylolites.

11175.9 - 11179.0

missing core.

RENVILLE COUNTY
NDGS Well No. 6296
7796.0 - 7800.8

tan to light brown, laminated and mottled,
interbedded dolomudstone and mudstone with medium
brown stringers.

7800.8 - 7805.4

dark gray-brown, laminated mudstone which changes
horizontally and vertically to light to dark brown
dolomudstone, both with anhydrite nodules;
laminations traced from limestone into dolostone;
anhydrite nodules distort laminations; soft sediment
deformation and brecciation.

7805.4 - 7811.3

light to medium brown, mottled dolomudstone at top
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with amount and continuity of lamination increasing
downward; with fractures, microstylolites and
stylolites, and celestite crystals.
7811.3 - 7818.0

light to medium brown, laminated mudstone with
rare stylolites which emphasize laminations, and
with celestite crystals.

7818.0 - 7880.0

missing core.

NDGS Well No. 6624
7132.0 - 7133.0

medium gray, porous ?doloboundstone.

7133.0

red, argillaceous dolomudstone with halite in vugs.

7141.0

7141.0 - 7179.6

red, mottled, argillaceous dolomudstone with
anhydrite in vugs and fractures.

7179.6 - 7185. 7

medium gray to red, mottled dolomudstone with
anhydrite in vugs, decreasing iron content downward.

7185.7 - 7186.9

mottled, beige, porous dolomudstone and light to
dark gray anhydrite.

7186.9 - 7193.0

medium to dark gray, mottled argillaceous
dolomudstone, rarely laminated and intraclastic with
finely disseminated pyrite and stylolites.

7193.0 - 7201.0

beige and light gray, porous, intraclast, coral
(Alveolites) packstone with minor anhydrite
filling vugs.

7201.0 - 7203. 2

beige and tan dolomudstone with stromatoporoids.

7203.2 - 7208.5

tan to medium brown, coral (?Actinostroma,
Alveolites), stromatoporoid ?doloboundstone with
rare brachiopods and mollusks.

NDGS Well No. 6684
7449.0 - 7454.9

beige to tan, anhydrite mosaic with trace of tan
dolomudstone and dark organic stringers.

7454.9 - 7464.6

interlaminated, beige and medium gray anhydrite and
tan dolomudstone with enterolithic fabric and many
small disseminated anhydrite nodules.

7464.6 - 7466.0

interlaminated, tan and medium gray, nodular and
enterolithic anhydrite; and interbedded and changed
laterally, tan to medium brown dolomudstone with
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dark gray-brown mudstone.
7466.0 - 7471.9

tan to medium brown, laminated dolomudstone with
beige, nodular anhydrite; anhydrite forming some
laminations as well as forming distinct nodules.

7471.9 - 7477.2

dark gray-brown, laminated mudstone with some tan to
medium brown, laminated dolomudstone; entire areas
of dolostone replacement, with anhydrite nodules and
soft sediment deformation in dolostone regions.

7477.2 - 7490.3

beige to light brown, mottled dolomudstone with
medium brown, wispy stringers; with anhydrite
nodules; and with rare areas with indistinct
laminations and areas of finely laminated
dolomudstone with microstylolites.

7490.3 - 7503.8

medium to dark gray, laminated mudstone with
disseminated celestite crystals and with
microstylolites enhancing lamination.

7503.8 - 7517.2

medium gray, mottled, crinoid, brachiopod mudstone
and wackestone with decreasing dark brown dolomitic
mottling downward.

7517.2 - 7523.0

light to medium gray-brown, mottled, brachiopod
mudstone and wackestone with stylolites.

7523.0 - 7527.1

medium gray mudstone with celestite crystals and
decreasing fossil content downward.

7527.1 - 7529.0

beige, mottled dolomudstone with dark gray
intraclasts and calcite-filled fenestral fabric and
fractures.

7529.0

top of Ashern Formation.
WARD COUNTY

NDGS Well No. 4923
6673.3 - 6675.8

light gray and blue-gray lenses and nodules of
anhydrite within beige and tan dolomudstone.

6675.8 - 6681.1

medium to dark brown, mottled dolomudstone with
small anhydrite nodules and with dark brown
stringers.

6681.1 - 6710.6

beige to light brown, porous, ?stromatoporoid-coral
dolowackestone with wispy stringers and with
calcite-filled fractures.
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6710.6 - 6715.8

light brown, porous, ?coral-stromatoporoid
dolowackestone with darker patches and with wispy
stringers; porosity patterns.

6715.8 - 6721.1

beige to light brown, mottled ?dolowackestone with
wispy stringers and stylolites; porosity patterns.

6721.1

missing core.

6724.0

6724.0 - 6732.1

same as 6715.8 - 6721.1.

6732.1

beige to light brown ?dolomudstone with wispy
stringers.

6735.4

NDGS Well No. 4992
6836.0 - 6876.2

dark brown, argillaceous dolomudstone matrix with
angular and rounded intraclasts in packstone fabric;
diversity amoung intraclasts increases downward.

6876.2 - 6893.7

dark brown, argillaceous dolomudstone matrix with
angular and rounded intraclasts in wackestone
framework; greater diversity of intraclasts than
above unit; intraclasts represented include:
1. medium brown, laminated dolomudstone,
2. dark brown dolomudstone with celestite
crystals, 3. red dolomudstone, 4. beige and
light gray, laminated dolomudstone, 5. varieties
of light to medium brown featureless dolomudstone,
and 6. gray dolomudstone.

6893.7 - 6903.9

light and medium gray, laminated and mottled
dolowackestone with occasional intraclastic areas.

6903.9 - 6905.5

dark brown dolomudstone with rare beige and medium
brown intraclasts.

6905.5 - 6909.8

mottled, beige and light brown, porous, laminated
dolomudstone with beige, enterolithic anhydrite.

6909.8 - 6911.5

beige and light gray, distorted, laminated and
mottled anhydrite.

6911.5 - 6914.4

interlaminated, tan and light brown, anhydrite with
tan and light to dark brown dolomudstone, with
calcite-lined vugs.

6914.4 - 6939.1

tan and light brown, mottled, porous ?dolowackestone
with darker brown stringers; porosity patterns.
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NDGS Well No. 5158

(no thin sections taken)

8825.0 - 8832.8

medium gray-brown, laminated dolomudstone with
halite-filled vugs.

8832.8 - 8835.9

light brown, laminated and mottled dolomudstone with
brown wispy stringers and rare anhydrite in vugs.

8835.9 - 8843.5

light gray, mottled dolomudstone.

8843.5 - 8848.5

tan, laminated dolomudstone with anhydrite nodules
and fenestral fabric near top.

8848.5 - 8853.0

tan and medium brown, laminated and mottled
dolomudstone.

8853.0 - 8856.5

medium and dark gray, mottled and laminated,
dolomitic mudstone.

8856.5 - 8874.6

medium gray, gastropod, calcisphere, ostracod
mudstone and wackestone.

NDGS Well No. 5498

(no slabs taken)

6761.0 - 6773.3

beige, light brown, light and medium gray, mottled
dolomudstone with rare faintly laminated areas and
dark brown stringers, and soft sediment deformation.

6773.3 - 6774.5

light to medium brown, porous dolomudstone with dark
brown wispy stringers.

WILLIAMS (X)UNTY
NDGS Well No. 25
11401.0 - 11451.0

dark gray, mottled, gastropod, coral, crinoid,
brachiopod mudstone and wackestone with wispy
stringers and calcite-lined vugs, and with
dolomitic mottling.

11451.0 - 11464.0

missing core.

11464.0 - 11487.0

same as 11401.0 - 11451.0.

11487.0 - 11503.0

mottled, dark gray mudstone and medium brown
dolomudstone with rare brachiopod fragments.

11503.0 - 11504.9

light to medium brown dolomudstone with halitefilled vugs.

11504.9

top of Ashern Formation.
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NDGS Well No. 4340
11489.5 - 11497.6

light to medium brown and dark gray dolomudstone
with fenestral fabric filled with halite.

11497.6 - 11508.2

light brown, mottled dolomudstone with wispy,
discontinuous laminations and with rare fenestral
fabric filled with halite.

11508.2 - 11514.1

light to medium brown, mottled dolomudstone with
rare intervals with lamination or fenestral fabric
filled with halite, and with celestite crystals.

11514.1 - 11521.0

medium brown, mottled mudstone.

11521.0 - 11524.3

dark gray, thin-bedded (1-2 cm), stromatoporoid
wackestone with celestite crystals.

11524.3 - 11550.0

light to dark gray, mottled, crinoid, brachiopod,
coral, stromatoporoid wackestone and packstone, with
halite-filled vugs and fractures, rare anhydrite
nodules and celestite crystals.

NDGS Well No. 4379
11162.0 - 11181.7

medium to dark brown, laminated, dolomitic mudstone
with rare lenses of mottled, brachipod, intraclast
wackestone with halite-filled vugs.

11181.7 - 11196.8

medium to dark gray, mottled, stromatoporoid,
brachiopod, crinoid wackestone and packstone with
decreasing fossil content downward.

11196.8 - 11214.5

medium brown, mottled, dolomitic, brachiopod,
codiacean algae, coral mudstone and wackestone.

11214.5 - 11219.0

medium brown, mottled, porous, dolomitic mudstone.

11219.0 - 11222.7

dark gray to dark brown, mottled, dolomitic mudstone
with wispy stringers.

NDGS Well No. 4510
11756.0 - 11786.1

tan, light to medium brown, mottled dolomudstone
with halite-filled fractures and vugs and with
interbeds of halite.

11786.1 - 11788.0

mottled, medium to dark brown dolomudstone and dark
gray mudstone with calcite-lined and halite-filled
fenestral fabric.
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11788.0 - 11793.7

tan, light to medium brown dolomudstone with pyrite
disseminated and concentrated in mottled areas and
with salt in vugs.

11793.7 - 11818.5

light to medium brown, mottled, dolomitic mudstone
with rare fenestral fabric filled with halite,
calcite-filled fractures, anhydrite nodules,
celestite crystals, lenses of stromatolites and
intraclasts, decreasing anhydrite content downward.

11818.5 - 11835.3

medium to dark brown, mottled dolomudstone with
stylolites and microstylolites, and with very rare
brachiopods, stromatoporoids, and corals
(Thamnopora, Alveolites).
Note: oil production from this interval, porosity
types: 1. moldic - mollusk and coral, and
2. intercrystalline - dolomite crystals.

11835.3 - 11857.0

light to dark gray, dolomitic, stromatoporoid, coral
(Thamnopora, Favosites, Hexagonaria,
Syringopora, Alveolites, solitary rugosan),
crinoid, brachiopod mudstone, wackestone and
packstone with very rare anhydrite nodules and with
decreasing amound of dolomite downward.

NDGS Well No. 4597
11894.0 - 11897.1

tan to light brown, mottled dolomudstone with rare
intervals of laminations and with pyrite
concentrated in mottled areas.

11897.1 - 11899.8

medium to dark gray, mottled anhydrite with light
to medium brown, mudcracked dolomudstone.

11899.8 - 11902.8

medium to dark gray and gray-brown, mottled
dolomudstone with rare laminations, wavy-beds, and
fenestral fabric, and with stylolites.

11902.8 - 11904.4

medium to dark brown, laminated dolomudstone with
abundant black stringers and with stylolites and
rare mudcracks.

11904.4 - 11907.0

mottled, medium gray anhydrite with light brown
dolomudstone.

11907.0 - 11909.0

mottled, dark gray mudstone with medium to dark gray
anhydrite.

11909.0 - 11910.9

light to medium brown, mottled, dolomitic mudstone
with rare lamination and with wispy stringers.

11910.9 - 11913.1

mottled, light to medium brown dolomudstone with
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dark gray mudstone; interbedded with light gray
anhydrite; with ?erosion surface.
11913.1 - 11915.3

medium brown dolomudstone with large anhydrite
nodules.

11915.3 - 11918.3

dark to medium brown, mottled dolomudstone.

11918.3 - 11919.3

laminated, light to medium gray anhydrite with tan
dolomudstone.

11919.3 - 11924.7

medium gray mudstone with stylolites, celestite
crystals, and with rare laminar stromatoporoids and
rare anhydrite nodules; looses crystals and becomes
mottled with dolomitic patches downward.

11924.7 - 11929.9

medium to dark brown, dolomitic, brachiopod mudstone
with wispy stringers, anhydrite nodules, and
halite-filled vugs.

11929.9 - 11954.4

dark brown, mottled, coral (Thamnopora),
stromatoporoid wackestone and packstone with thin
(1-2 cm) organic-rich beds and wispy stringers and
with medium to thick (2-25 cm) interbeds of mottled,
dolomitic, brachiopod wackestone with stylolites and
fractures.

NDGS Well No. 4618
11650.0 - 11652.2

dark gray, argillaceous dolomudstone grading
downward into light brown dolomudstone with halitefilled vugs.

11652.2 - 11668.3

medium to dark brown, mottled and discontinuously
laminated, dolomudstone with fenestral fabric.

11668.3 - 11669.5

light to medium brown, thin-bedded (1-2 cm) and
discontinuously laminated, dolomitic mudstone.

11669.5 - 11672.1

tan to light brown, mottled and discontinuously
laminated dolomudstone.

11672.1 - 11672.5

tan to light brown, mottled and laminated
dolomudstone with dark gray anhydrite mottling.

11672.5 - 11674.5

black mudstone with celestite crystals.

11674.5 - 11678.1

light to medium brown and medium gray, mottled,
dolomitic mudstone with rare lamination.

11678.1 - 11687.4

medium to dark brown, thin-bedded (1-2 cm),
dolomitic mudstone.
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11687.4 - 11691.7

medium brown to dark gray, mottled, stromatoporoid
packstone.

11691.7 - 11696.1

medium brown, mottled, crinoid, brachiopod mudstone.

11696.1 - 11703.6

dark brown, stromatoporoid wackestone with medium
gray mottled areas.

11703.6 - 11732.0

interbedded, light to dark gray, mottled,
brachiopod, crinoid, stromatoporoid, coral
wackestone and packstone with dolomitic areas; with
dark gray, mottled, crinoid mudstone; which grades
downward into light to dark gray crinoid, coral,
stromatoporoid wackestone.

11732.0 - 11761.0

interbedded, light to medium gray, mottled crinoid,
coral, brachiopod mudstone and wackestone with rare
packstone; with medium gray brachiopod wackestone.

NDGS Well No. 4916
12008.0 - 12008.2

gray-brown, crinoid mudstone.

12008.2 - 12011.2

medium brown and dark gray, dolomitic,
stromatoporoid, crinoid wackestone.

12011.2 - 12016.3

medium brown and dark gray, mottled, coral,
stromatoporoid wackestone grading downward into
medium brown and dark gray, laminated and mottled,
dolomitic mudstone.

12016.3 - 12017.3

medium brown and medium gray, dolomitic mudstone.

12017.3 - 12018.4

medium brown and medium gray, porous and vuggy,
mottled, dolomitic mudstone.

12018.4 - 12046.8

mottled, medium brown, light to dark gray, crinoid,
brachiopod, coral, stromatoporoid wackestone; with
medium brown, dolomitic mudstone.

12046.8 - 12064.1

mottled, medium brown, tentaculitid, gastropod,
coral, crinoid, brachiopod wackestone; with medium
brown, dolomitic mudstone.

12064.1 - 12071.0

dark gray, coral, crinoid wackestone and mudstone.
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THIN SECTION DESCRIPTIONS
Introduction
The description of the thin sections is based upon a microscopic
examination which ranged from a 6.6-power to 100-power magnification.
The thin sections are stored in the Wilson M. Laird Core and Sample
Library of the North Dakota Geological Survey. The thin sections are
marked with an "up" arrow and are numbered in the following manner:
North Dakota Geological Survey (NDGS) well number, then a dash, then
the depth from the kelly bushing (KB) to the tenths of a foot, e.g.
11538.].. The last digit allows an indication of relative position
within the foot.
The description of thin sections from a well are listed by depth,
from stratigraphic highest to lowest. The wells are organized first
alphabetically by county and then numerically by NDGS well number
within the county. See Figure 7 for the map of cored well locations by
North Dakota Geological Survey (NDGS) well number and Table 1 for cored
well names, location, stored location of core slabs, and stored
location of thin sections.
Dunham's (1962) carbonate classification is used. Figure 8
provides a summary of terminology. The example below illustrates the
parts of a description name:
adjectives

allochems

textural
term

other characteristics

least
most
important~~ important
Example:
tan, dolomitic, coral, crinoid, brachiopod packstone with pyrite
As the degree of dolomitization increases, it becomes difficult to
determine the original texture so the textural term may have a question
mark in front of it. In this manner some meaningful information for
purposes of identification of the lithofacies and the environment of
deposition of these rocks was retained; the Dunham classification of
"crystalline carbonate" was not used.
EXPLANATION:
L
(2)

large thin sections
two thin sections taken
one organism encrusts another,
names linked in this manner

--/-- mutual encrustation occurs
between these two organisms
(1) or (2) refers to two types (?species) of codiacean algae
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BOTTINEAU COUNTY
NDGS Well No. 38
No thin sections taken.
NDGS Well No. 286
5088.1

mottled ?dolomudstone with rare wispy stringers.

5088.4

mottled ?dolomudstone with wispy stringers and stylolites.

5090.2

?dolomudstone with localized wispy stringers.

5098.0

?dolomudstone with rare blocky anhydrite and pyrite
concentrated along stylolite and with fracture.

5105.4

?dolomudstone with bladed anhydrite-filled vugs and anhydrite
nodule, and with pyrite concentrated along margin of vugs or
disseminated throughout.

5120.7

peloid ?dolowackestone with wispy stringers and stylolite.

5131.0

mottled ?dolomudstone with wispy stringers.

5135.4

bivalve, ostracode ?dolopackstone with pyrite concentrated
along margin of bladed anhydrite nodule.

5136.8

crinoid, brachiopod, ?calcisphere, ostracode ?dolowackestone
with bladed anhydrite nodule.

NDGS Well No. 2219
5601.8

coral (Alveolites) ?doloboundstone with wispy stringers,
porosity patterns.

5631.4

peloid, coral (Alveolites) ?doloboundstone, porosity
patterns.

NDGS Well No. 2596
6085.8

mottled ?dolomudstone with wispy stringers.

6088.6

mottled and burrowed ?dolomudstone with wispy stringers and
stylolites.

6089.2

?encrusting foraminifers, brachiopod, stromatoporoid--coral
(Syringopora) ?doloboundstone with felted anhydrite
nodules.
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6094.1

crinoid, ostracode, brachiopod dolowackestone.

6099.5

fenestrate bryozoan, calcisphere, ostracode, crinoid, coral
(Thamnopora), brachiopod, peloid dolowackepackstone.

6102.1

porous, crinoid ?dolomudstone with bladed and blocky
anhydrite.

6102.7

codiacean algae (2), calcisphere, ostracode, crinoid,
brachiopod dolowackestone with rare bladed anhydrite.

NDGS Well No. 2638
5045.1

laminated dolomudstone with organic-rich stringers separating
lamination.

5045.8

mottled ?dolomudstone with organic-rich stringers.

5053.8

porous ?dolomudstone with organic-rich areas and with
disseminated pyrite.

NDGS Well No. 4790
No thin sections taken.
NDGS Well No. 4918
6490.6

mottled dolomudstone with hematite concentrated along wispy
stringers and with rare blocky anhydrite and quartz silt.

6491.6

brecciated, hematitic dolomudstone with bladed anhydritefilled vugs between breccia clasts and with quartz silt.

6494.2

brecciated, mottled gray and hematitic dolomudstone with
bladed anhydrite-filled vugs and with quartz silt.

6495.0

brecciated dolomudstone with bladed anhydrite and quartz silt.

6498.0

brecciated hematitic dolomudstone with pyrite concentrated
with bladed anhydrite and with quartz silt.

6501.2

mottled and laminated dolomudstone swirled with felted
anhydrite, with disseminated pyrite and quartz silt.

6501.8

mottled dolomudstone swirled with felted anhydrite, both with
disseminated pyrite.

6502.6

felted anhydrite swirled with laminated dolomudstone with
quartz silt.
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6503.2

mottled dolomudstone with pyrite concentrated along wispy
stringers or in distinct patches and with bladed anhydrite
nodules.

6508.8

dolomudstone with bladed anhydrite in vugs.

6511.0

porous, wavy laminated ?dolomudstone.

6512.2

porous, wavy, laminated ?dolomudstone with felted anhydrite
and stylolite.

6512.5

laminated and mottled, ?blue-green algae ?dolomudstone.

6520.4

mottled, porous, gastropod, ostracode ?dolowackestone with
patchy recrystallization.

6521.0

mottled, porous, ?stromatolite, ostracode ?dolomudstone with
bladed anhydrite.

6525.6

porous, ostracode ?dolomudstone with medium- and coarse-sized
dolomite rhombohedra.

6528.8

porous ?dolomudstone with medium- and coarse-sized dolomite
rhombohedra and with bladed anhydrite.

6530.8

porous ?dolomudstone with medium- and coarse-sized dolomite
rhombohedra and with bladed anhydrite.

6531.9

porous ?dolomudstone with pyrite concentrated along wispy
stringers and with bladed anhydrite.

6533.0

porous ?dolomudstone with rare bladed anhydrite.

6534.4

porous, ostracode ?dolomudstone.

6537.8

pisoid ?dolopackstone with bladed anhydrite.

6540.9

mottled ?dolomudstone.

6541.9

mottled, peloid ?dolomudstone with bladed anhydrite.

6548.9

porous ?dolomudstone with disseminated pyrite.

6553.1

?dolomudstone with medium- and coarse-sized dolomite
rhombohedra and with wispy stringers.

6555.8

porous, crinoid, peloid, ?calcisphere ?dolomudstone with
medium- and coarse-sized dolomite rhombohedra and with
stylolite.

6556.7

porous, crinoid, ?ostracode, peloid ?dolomudstone.

6566.4

porous, calcisphere, ostracode, peloid, pisoid ?dolopackstone.
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6568.6

pisoid ?dolopackstone.

6571.9

coral (?Favosites) dolowackestone.

6574.6

porous, peloid ?dolomudstone with ?coral porosity pattern.

6576.9

peloid, ?stromatoporoid, pisoid ?dolopackstone.

6581.2

crinoid, calcisphere, ostracode, ?blue-green algae, peloid
dolowackestone with stylolites.

6585.4

porous, crinoid, ostracode, ?dolomudstone.

6602.1

porous, crinoid, calcisphere, ?ostracode, ?coral
?dolomudstone.

6605.6

porous, peloid, pisoid ?dolopackstone.

6615.8

porous ?dolomudstone.

6619.3

porous ?dolomudstone with ?coral porosity pattern.

6621.1

(L) laminated, porous dolomudstone.

6622.6

porous, calcisphere, peloid, ?ostracode ?dolomudstone with
bladed anhydrite cement.

6625.3

porous, calcisphere, peloid dolowackestone.

6628.6

porous ?dolomudstone with medium- and coarse-sized dolomite
rhombohedra.

6630.4

porous ?dolomudstone.

6632.1

porous, crinoid ?dolomudstone.

6634.0

porous, mottled ?dolomudstone.

6642.3

porous, calcisphere, ostracode ?dolomudstone with medium- and
coarse-sized dolomite rhombohedra and with bladed anhydrite.

6644.7

porous, ostracode, codiacean algae (1) ?dolomudstone with
bladed anhydrite.

6646.2

porous, ostracode, brachiopod ?dolowackestone with ?coral
porosity pattern.

6648.6

porous, crinoid, ?dolomudstone.

6650.0

porous, coral (Thamnopora) ?dolomudstone.

6650.4

porous, codiacean algae (1), coral (Thamnopora)
dolowackestone.
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6652.7

porous ?dolomudstone with felted anhydrite nodule and with
?coral porosity pattern.

6659.1

porous, tentaculitid ?dolomudstone with ?coral porosity
pattern.

6663.1

porous ?dolomudstone with felted anhydrite nodule and with
?coral and ?codiacean algae porosity patterns.

6666.7

mottled, porous, coral (Thamnopora) ?dolowackestone with
medium- and coarse-sized dolomite rhombohedra.

6668.5

porous, ?dolomudstone with coral porosity pattern.

6669.6

mottled ?dolomudstone.

6670.1

mottled dolomudstone with medium- and coarse-sized dolomite
rhombohedra.

6670.8

porous, brachiopod ?dolomudstone with coral porosity pattern
and with felted anhydrite in nodules and bladed anhydrite in
vug.

6671.3

porous, ostracode, brachiopod, peloid, codiacean algae (2)
?dolopackstone.

6672.2

porous, codiacean algae (2) ?dolopackstone with ?blue-green
algal filaments in matrix and bladed anhydrite in vugs.

6673.4

trilobite, calcisphere, ostracode, crinoid, brachiopod,
codiacean algae (2) ?dolowackestone.

6674.0

ostracode, codiacean algae (1) dolowackestone with felted
anhydrite nodule.

6674.5

crinoid, codiacean algae (1 and 2), peloid dolopackstone with
?blue-green algal filaments in matrix.

6676.5

coral (Thamnopora), ostracode, calcisphere, codiacean
algae (1 and ?2), peloid dolowackestone with ?blue-green algal
filaments in matrix.

6678.0

coral (Thamnopora), brachiopod, ostracode, calcisphere,
codiacean algae (2), peloid ?dolopackstone.

6678.8

trilobite, ostracode, calcisphere, dendroid stromatoporoid
(Amphipora), codiacean algae (1 and 2), peloid
dolopackstone.

6681.3

mottled ?dolomudstone with wispy stringers.

6681.9

mottled, crinoid ?dolomudstone with wispy stringers and
stylolite.
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6682.6

ostracode, codiacean algae (2), peloid dolowackestone with
long, isopachous, calcite-lined vugs.

6683.2

dolomitic, brachiopod, ostracode, calcisphere, dendroid
stromatoporoid (Amphipora), codiacean algae (2), peloid
wackestone and packstone.

6686.2

gastropod, ostracode, codiacean algae (2), calcisphere, peloid
dolowackestone with ?blue-green algal filaments in matrix and
with long, isopachous, calcite-lined vugs.

6689.2

calcisphere, ostracode, codiacean algae (1), fenestrate
bryozoan, crinoid, peloid, brachiopod dolopackstone.

6689.4

fenestrate bryozoan, ostracode, crinoid, brachiopod,
calcisphere, codiacean algae (1), peloid dolowackepackstone.

6689.7

dolomitic, encrusting bryozoan, ostracode, calcisphere, coral
(Thamnopora), crinoid, brachiopod, codiacean algae (1),
peloid wackestone.

6690.1

dolomitic, gastropod, ostracode, calcisphere, fenestrate
bryozoan, brachiopod, crinoid, codiacean algae (1 and 2),
peloid wackestone.

6691.8

ostracode, calcisphere ?dolomudstone.

6692.3

dolomitic, ostracode, calcisphere, peloid wackestone with
long, isopachous, calcite-lined vugs.

6693.2

dolomitic, brachiopod, crinoid, ostracode, codiacean algae
(1), peloid dolowackestone.

6697.1

brachiopod, ostracode, crinoid, codiacean algae (2), coral
(Thamnopora), calcisphere, peloid dolowackestone;
codiacean algae recrystallized.

6697.7

tentaculitid, gastropod, ostracode, codiacean algae (1),
crinoid, brachiopod, calcisphere, encrusting and fenestrate
bryozoan, peloid ?dolopackstone.

6699.1

ostracode, calcisphere, codiacean algae (1 and 2), peloid
dolowackepackstone with ?blue-green algal filaments in matrix,
with dolomite cement in vug, and with stylolite.

6700.6

bivalve, ostracode, coral (Thamnopora), calcisphere,
codiacean algae (1 and 2), peloid dolopackstone.

6702.7

(2) calcisphere, dendroid stromatoporoid (Amphipora),
codiacean algae (1 and 2) dolopackstone; Amphipora and
codiacean algae allochems alligned.

6703.9

coral (?Thamnopora) ?dolowackestone.
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6705.4

calcisphere, ostracode, brachiopod, encrusting bryozoan,
dendroid stromatoporoid (Amphipora), codiacean algae (1
and 2), peloid dolopackstone with ?blue-green algal filaments
in matrix.

6705.8

dolomitic, trilobite, brachiopod, crinoid, fenestrate
bryozoan, calcisphere, codiacean algae (1 and 2), peloid
packstone.

6708.2

calcisphere, crinoid, encrusting and fenestrate bryozoan,
codiacean algae (1 and 2), peloid dolopackstone.

6708.9

brachiopod, fenestrate bryozoan, crinoid, calcisphere,
codiacean algae (1), peloid dolopackstone with ?blue-green
algal filaments in matrix.

6709.5

ostracode, coral (Thamnopora), crinoid, peloid
dolowackestone.

6709.8

tentaculitid, brachiopod, crinoid, fenestrate bryozoan,
calcisphere, codiacean algae (1 and 2), peloid dolopackstone.

6710.8

ostracode, brachiopod, crinoid, coral (Thamnopora),
calcisphere, codiacean algae (1 and 2) dolowackestone with
short stylolite.

6711.7

ostracode, calcisphere, codiacean algae (2) dolopackstone with
pyrite outlining algae in altered area; and ?dolomudstone.

6712.1

brachiopod, crinoid, ?codiacean algae, peloid ?dolowackestone.

6713.6

crinoid, coral (Favosites), peloid ?dolowackestone.

6714.9

(2) calcisphere, crinoid, brachiopod, codiacean algae (1),
peloid dolowackestone.

NDGS Well No. 4924
5910.8

(L) porous, coral (Alveolites) ?dolomudstone.

5912.1

crinoid ?dolomudstone with ghosts of ?codiacean algae.

5913.0

?dolomudstone.

5913.2

?peloid ?dolomudstone with fracture.

5915.4

stromatoporoid ?doloboundstone with porosity pattern.

5916.1

porous ?dolomudstone with ghost of vug-channel.

5916.8

mottled ?dolomudstone, mottling due to amount of alteration.

- - - - ----- --- -
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5917.4

?dolomudstone with wispy stringers, ?coral porosity pattern.

5917.8

crinoid, coral (Thamnopora) ?dolowackestone with
vug-channels.

5919.7

crinoid, ?ostracode, coral (solitary rugosan), peloid
dolowackestone.

5920.3

(L) coral (solitary rugosan) dolowackestone.

5920.8

ostracode, coral (solitary rugosan), fenestrate bryozoan,
crinoid, ?codiacean algae ?dolowackestone with wispy
stringers.

5923.5

crinoid, stromatoporoid, coral (Thamnopora, Syringopora)
?doloboundstone.

5924.1

?dolomudstone.

5927.3

?dolomudstone with wispy stringers and hematite stain.

5930.4

?dolomudstone with wispy stringers.

5931.8

?dolomudstone with wispy stringers, replacement by coarsesized dolomite rhombohedra, and with bladed and felted
anhydrite.

5936.6

crinoid ?dolowackestone with wispy stringers.

5937.2

?dolomudstone.

5939.1

crinoid ?dolomudstone with wispy stringers and stylolite.

5948.2

dolomudstone with wispy stringers and organic-rich areas.

5954.4

crinoid ?dolomudstone with wispy stringers.

5965.7

?dolomudstone with wispy stringers.

5971.4

?dolomudstone with wispy stringers.

5974.5

?dolomudstone with wispy stringers.

5977.4

?dolomudstone with wispy stringers and fractures.

5983.5

crinoid ?dolomudstone with wispy stringers.

5985.7

?dolomudstone.

5994.2

crinoid ?dolomudstone.

5998.1

crinoid ?dolomudstone with wispy stringers.
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6008.5

?codiacean algae, coral (Thamnopora), crinoid
?dolomudstone.

6010.3

(L) crinoid ?dolomudstone with microstylolites.

6011.3

crinoid ?dolomudstone.

6011.4

coral (Thamnopora), crinoid ?dolowackestone.

6012.8

crinoid ?dolowackestone.

6015.3

?codiacean algae, coral (Thamnopora) ?dolowackestone with
bladed anhydrite nodule.

6016.2

crinoid ?dolowackestone.

6017.5

(L) crinoid ?dolomudstone with microstylolites.

6018.1

?codiacean algae, coral (Thamnopora), crinoid
?dolowackestone.

NDGS Well No. 5184
4863.9

laminated dolomudstone with bladed anhydrite-filled fracture
and with disseminated pyrite; ferroan dolomite (stained).

4868.1

mottled and vaguely laminated dolomudstone with felted
anhydrite in nodule, with pyrite concentrated in patches along
wispy stringers; non-ferroan (stained).

4869.6

porous, mottled and laminated (?algal) dolomudstone with
pyrite concentrated along laminations, dolomite cement in
vugs.

4872.6

porous, mottled, calcisphere, peloid dolowackestone with
stylolite.

4877.1

porous, crinoid, ?doloboundstone with ?coral porosity pattern.

NDGS Well No. 5277
4880.7

swirled felted anhydrite with laminated dolomudstone with
pyrite concentrated in patches; ferroan dolomite (stained).

4882.8

mottled and laminated dolomudstone with wispy stringers,
felted anhydrite in nodule and with pyrite concentrated in
patches; non-ferroan dolomite (stained).

4883.0

fenestral dolomudstone with rare blocky anhydrite in fenestrae
and with disseminated pyrite.
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4883.5

laminated and mottled, peloid dolowackestone with
silicification, blocky anhydrite and disseminated pyrite.

4891.5

fenestral dolomudstone with blocky anhydrite in fenestrae and
with rare silicification.

4895.3

ostracode, peloid dolowackestone with blocky anhydrite,
silicification and with pyrite concentrated in patches.

4896.1

laminated dolomudstone with rare blocky anhydrite in vugs,
hematite concentrated along laminations.

4896.3

dolomudstone.

4899.4

dolomudstone with felted anhydrite nodules.

4902.4

coral (Thamnopora), codiacean algae dolowackestone.

NDGS Well No. 5280
4702.4

patchy mottled dolomudstone swirled with felted anhydrite,
pyrite concentrated along fractures; ferroan dolomite
(stained).

4709.0

laminated, mud-cracked dolomudstone with rare bladed anhydrite
in vugs, and with quartz silt; non-ferroan dolomite (stained).

4709.9

mottled, calcisphere dolomudstone with small bladed anhydrite
nodules and with bladed anhydrite-filled fracture.

4710.2

?mud-cracked and mottled dolomudstone swirled with felted
anhydrite.

4711.2

calcisphere, mollusk, dendroid stromatoporoid (Amphipora),
?algal grain, red algae (Parachaetetes), peloid grainstone
with areas of packstone; with rare blocky anhydrite in vugs
and three stages of cement (first: fibrous, isopachous, short
calcite; second: micrite cement; and third: equant calcite in
center of vugs), and most grains with micritized rims.

4712.6

calcisphere, gastropod, blue-green algae, ?algal grain, red
algae (Parachaetetes), peloid packstone and grainstone
(blue-green algal filaments in matrix, ?Girvanella,
?boundstone); ?fenestrae, equant spar filled; some mud matrix
remains, but most recrystallized.

4713.9

crinoid, gastropod, ostracode, calcisphere, ?algal grain,
blue-green algae (?Girvanella), peloid packstone and
grainstone (?boundstone).

4715.0

?coral, blue-green algae (?Girvanella), red algae
(Parachaetetes), ?algal grain, gastropod packstone
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(?boundstone).
4715.3

crinoid, ostracode, calcisphere, peloid, ?algal grain, red
algae (Parachaetetes) packstone with long, isopachous,
calcite-filled vug-channels.

4715.6

blue-green algae (?Girvanella), crinoid, ostracode,
calcisphere, codiacean algae (2), gastropod, ?algal grain,
coral (Thamnopora), dendroid stromatoporoid
(?Amphipora) packstone (?boundstone).

4717.0

(L) crinoid, stromatoporoid, coral (Thamnopora) packstone.

4717.4

ostracode, stromatoporoid, red algae (Parachaetetes),
crinoid, peloid, ?algal grain packstone.

4722.0

coral (Hexagonaria) packstone.

4724.0

trilobite, ostracode, gastropod, encrusting bryozoan, crinoid,
blue-green algae (?Girvanella)~stromatoporoid, peloid,
red algae (Parachaetetes), ?algal grain packstone
(?boundstone).

4728.9

fenestrate bryozoan, calcisphere, brachiopod, ostracode,
gastropod, stromatolite, stromatoporoid, ?algal grain, peloid,
crinoid, blue-green algae--coral (Thamnopora, solitary
rugosan) packstone (?boundstone) with blue-green algal
filaments in matrix and with stylolites.

4731.1

trilobite, mollusk, calcisphere, brachiopod, ostracode,
peloid, red algae (Parachaetetes), ?algal grain, crinoid
packstone and grainstone.

4731.3

encrusting foraminifers, ostracode, peloid, red algae
(Parachaetetes), ?algal grain, crinoid packstone and
grainstone.

4731.5

trilobite, ostracode, fenestrate bryozoan, gastropod, crinoid,
red algae (Parachaetetes), peloid, ?algal grain packstone
with long, isopachous, calcite-lined vug-channels.

4731.8

calcisphere, crinoid, gastropod, peloid, ?blue-green algae,
?algal grain, red algae (Parachaetetes) grainstone and
packstone (?boundstone).

4732.5

dolomitic, trilobite, brachiopod, ostracode, ?algal grain,
dendroid stromatoporoid (Amphipora), peloid, coral
(Thamnopora), crinoid packstone with stylolite.

4733.9

fenestrate bryozoan, calcisphere, crinoid, peloid, ostracode,
?algal grain, stromatoporoid~coral (solitary rugosan,
Syringopora) ?boundstone with stylolites.
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4735.6

brachiopod, fenestrate bryozoan, calcisphere, ostracode,
?algal grain, peloid, crinoid, stromatoporoid~coral
(Thamnopora, solitary rugosan) packstone with "oncoids".

4735.7

dolomitic, brachiopod, calcisphere, fenestrate bryozoan,
peloid, crinoid, stromatoporoid~blue-green algae~coral
(Thamnopora) ?boundstone with stylolites and rare bladed
anhydrite in vugs.

4735.9

ostracode, fenestrate bryozoan, codiacean algae (2), coral
(Thamnopora), dendroid stromatoporoid (Amphipora),
?algal grain, crinoid, peloid, brachiopod packstone with
stylolites.

4736.1

(2) trilobite, fenestrate bryozoan, brachiopod, peloid, ?algal
grain, encrusting bryozoan~stromatoporoid~coral (solitary
rugosan) packstone with stylolite.

4737.3

(L) stromatoporoid ?boundstone.

4738.0

fenestrate bryozoan, brachiopod, gastropod, ostracode, ?algal
grain, crinoid, peloid, blue-green algae~coral
(Thamnopora) packstone with stylolite.

4738.2

dolomitic, trilobite, ostracode, calcisphere, fenestrate
bryozoan, brachiopod, blue-green algae--/~stromatoporoid~
coral (Thamnopora), ?algal grain, crinoid, dendroid
stromatoporoid (Amphipora), peloid packstone with
stylolites.

4739.9

calcisphere, fenestrate bryozoan, intraclast, ostracode,
stromatoporoid~/~blue-green algae~oral (Thamnopora),
peloid packstone with stylolites.

4740.1

calcisphere, brachiopod, gastropod, ostracode, intraclast,
?algal grain, peloid packstone with stylolites.

4741.1

brachiopod, fenestrate bryozoan, gastropod, coral
(Syringopora), stromatolite (algal mat), ostracode, peloid
?boundstone with stylolites and long, isopachous, calcitelined vug-channels.

4741.3

ostracode, dendroid stromatoporoid (Amphipora), encrusting
bryozoan~fenestrate bryozoan and bivalve, crinoid, coral
(Syringopora), stromatolite, peloid ?boundstone with
stylolites.

4744.1

(L) calcisphere, brachiopod, crinoid, peloid, coral
(Thamnopora) packstone.

4745.4

dolomitic, brachiopod, fenestrate bryozoan, crinoid, dendroid
stromatoporoid (Amphipora), peloid, blue-green algae~/~
stromatoporoid--coral (Thamnopora) wackepackstone with
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stylolites.
4745.8

?encrusting foraminifers, ?blue-green algae--/--stromatoporoid
?boundstone with stylolites.

4746.0

calcisphere, fenestrate bryozoan, brachiopod, crinoid,
ostracode, blue-green algae--/--stromatoporoid--coral
(Syringopora), peloid ?boundstone with stylolites and
blue-green algae in matrix as well.

4746.1

ostracode, fenestrate bryozoan, peloid, encrusting bryozoan-blue-green algae--/--stromatoporoid--coral (Syringopora)
?boundstone with stylolites.

4746.3

fenestrate bryozoan, coral (Alveolites) packstone.

4746.4

crinoid, fenestrate bryozoan, brachiopod, ?algal grain, coral
(Alveolites) packstone with bladed anhydrite in vugs.

4746.6

fractured, calcisphere, crinoid, fenestrate bryozoan, coral
(Alveolites)--stromatoporoid ?boundstone with some
equant calcite-filled intraparticle pores and with bladed
anhydrite-filled fractures.

4747.1

fractured, brachiopod, ostracode, calcisphere, fenestrate
bryozoan, peloid, coral (Thamnopora), encrusting
bryozoan--stromatoporoid ?boundstone with stylolites and
fractured fossils.

4747.2

trilobite, ostracode, brachiopod, coral (Thamnopora,
Syringopora), fenestrate bryozoan, crinoid, peloid packstone
with stylolites.

4747.3

calcisphere, codiacean algae (1), ostracode, brachiopod,
crinoid, fenestrate bryozoan, peloid, stromatoporoid--coral
(Thamnopora) ?boundstone with stylolites.

4747.7

tentaculitid, calcisphere, coral (Thamnopora), ostracode,
crinoid, ?stromatolite, fenestrate bryozoan, encrusting
bryozoan--stromatoporoid ?boundstone with fractured fossils.

4747.8

dolomitic, calcisphere, ostracode, crinoid, encrusting
bryozoan--fenestrate bryozoan and stromatoporoid--coral
(Thamnopora, Syringopora), peloid ?boundstone with
stylolites and blocky anhydrite-filled fracture.

4748.1

dolomitic, calcisphere, coral (Syringopora)--brachiopod,
crinoid, fenestrate bryozoan, ostracode, blue-green algae-coral (Thamnopora) ?boundstone with stylolites.

4748.3

stromatoporoid, gastropod, calcisphere, brachiopod, crinoid,
ostracode, encrusting bryozoan, fenestrate bryozoan, coral
(Thamnopora), peloid packstone with stylolites.
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4749.7

dolomitic, calcisphere, gastropod, brachiopod, stromatoporoid,
crinoid, encrusting bryozoan~coral (Thamnopora,
Syringopora), fenestrate bryozoan, peloid ?boundstone.

4749.9

dolomitic, ostracode, stromatoporoid, brachiopod, encrusting
bryozoan, crinoid, peloid, fenestrate bryozoan, coral
(Favosites) ?boundstone with stylolite, fractured coral.

NDGS Well No. 5692
No thin sections taken.
NDGS Well No. 6535
6466.5

dolomudstone with bladed and , blocky anhydrite in vugs and
fractures.

6467.7

hematitic dolomudstone with bladed anhydrite in vugs and with
quartz silt.

6474.3

mottled, hematitic dolomudstone with small blocky anhydrite
nodules and quartz silt.

6476.9

hematitic dolomudstone with blocky and bladed anhydrite and
quartz silt.

6477.1

brecciated, hematitic dolomudstone with bladed anhydrite,
quartz silt, and wispy stringers.

6478.7

hematitic dolomudstone with bladed anhydrite and quartz silt.

6479.5

brecciated, hematitic dolomudstone with bladed anhydrite and
quartz silt.

6483.1

brecciated, hematitic dolomudstone with bladed anhydrite and
quartz silt.

6485.5

mottled, hematitic and gray dolomudstone with bladed anhydrite
and quartz silt.

6486.7

hematitic dolomudstone with bladed anhydrite and quartz silt.

6492.5

hematitic dolomudstone with bladed anhydrite and quartz silt.

6495.9

hematitic dolomudstone with felted anhydrite nodules and
bladed anhydrite in vugs and with quartz silt.

6497.5

dolomudstone with bladed anhydrite and quartz silt.

6498.2

mottled, dolomudstone with bladed anhydrite and quartz silt.
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6499.4

mottled dolomudstone, some brecciated and swirled with felted
anhydrite; with bladed anhydrite in vugs and with quartz silt.

6501.5

swirled and mottled dolomudstone with felted anhydrite; with
bladed anhydrite and disseminated pyrite and quartz silt.

6506.0

porous, peloid, dolowackestone with ?stromatoporoid porosity
pattern, with pyrite concentrated along stylolite and wispy
stringers.

6507.4

porous, ?fenestral, mottled and laminated dolomudstone with
stylolites.

6511.0

porous, ?fenestral, mottled and faintly laminated dolomudstone
with stylolites and with bladed anhydrite in vugs.

6511.5

porous, ?fenestral, laminated dolomudstone.

6514.5

porous, ?fenestral dolomudstone.

6514.7

stromatoporoid--coral (Thamnopora) ?doloboundstone.

6516.0

porous, ostracode, ?encrusting bryozoan, crinoid, coral
(Thamnopora) ?dolopackstone.

6516.3

(2) porous, mottled, crinoid, ostracode, brachiopod, coral
(Thamnopora) ?doloboundstone with ?stromatoporoid porosity
pattern.

6516.4

ostracode, crinoid, coral (Thamnopora) dolowackestone with
stylolites; note Thamnopora in possible growth position with
sediment draping over it.

6518.3

crinoid, peloid ?dolowackestone with stylolites.

6538.2

peloid ?dolowackestone with stylolite and wispy stringers.

6547.3

porous, ostracode, crinoid, peloid ?dolowackestone with bladed
anhydrite.

6559.7

calcisphere, ostracode, ?codiacean algae, brachiopod, peloid
?dolowackestone.

6561.5

calcisphere, ?codiacean algae, ostracode, peloid
?dolowackestone.

6564.5

crinoid, calcisphere, peloid ?dolowackestone.

6566.2

ghosts of ?codiacean algae or dendroid stromatoporoid
(?Am.phipora), calcisphere, peloid ?dolowackestone.

6602.4

porous, crinoid, calcisphere, peloid ?dolowackestone.
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6604.6

dendroid stromatoporoid (?Amphipora), ?algal grain, peloid
?dolopackstone with long, isopachous, calcite-lined
vug-channels.

6605.9

porous ?dolomudstone with pyrite and bladed anhydrite.

6607.6

porous ?dolomudstone with ?dendroid stromatoporoid
(Amphipora) porosity pattern.

6609.3

porous ?dolomudstone with bladed anhydrite.

6612.6

porous ?dolomudstone.

6614.5

brachiopod, calcisphere, peloid dolowackestone with blue-green
algal filaments in matrix.

6627.6

codiacean algae (1), calcisphere, ?algal grain, peloid
wackestone with long, isopachous, calcite-lined vug-channels.

6628.8

brachiopod, crinoid, calcisphere, peloid ?dolopackstone with
?blue-green algal filaments in matrix.

6634.0

ostracode, brachiopod, calcisphere, peloid dolowackestone with
long, isopachous, calcite-lined vug-channels.

6635.5

fenestrate bryozoan, calcisphere, encrusting bryozoan, peloid
dolowackestone.

6637.3

brachiopod, ostracode, calcisphere, codiacean algae (1),
peloid ?doloboundstone with ?blue-green algal filaments in
matrix, with vug-channels and bladed anhydrite.

6641.0

dolomitic, brachiopod, calcisphere, ostracode, encrusting
bryozoan, peloid wackestone with vug-channels.

6643.3

ostracode, gastropod, ?algal grain, calcisphere, codiacean
algae (1), peloid dolopackstone with ?blue-green algal
filaments in matrix.

6643.7

ostracode, fenestrate bryozoan, calcisphere, codiacean algae
(1), peloid dolowackestone with ?blue-green algal filaments in
matrix and with vug-channels.

6652.0

porous, calcisphere, codiacean algae (1), peloid
?dolowackestone.

6655.4

brachiopod, ostracode, ?algal grain, calcisphere, codiacean
algae (1), peloid dolopackstone.

6656.4

dendroid stromatoporoid (Amphipora), ostracode, codiacean
algae (1), peloid, calcisphere dolowackestone with ?blue-green
algal filaments in matrix and with recrystallization.
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6660.0

encrusting bryozoan, calcisphere, peloid dolowackestone with
long, isopachous, calcite-lined vug-channels.

6661.5

ostracode, calcisphere, ?algal grain, peloid, codiacean algae
(1) dolowackestone with long, isopachous, calcite-lined
vug-channels.

6662.3

calcisphere, ?codiacean algae, encrusting bryozoan--brachiopod
dolowackestone with long, isopachous, calcite-lined
vug-channels.

6663.0

calcisphere, brachiopod, ostracode, ?algal grain, peloid,
codiacean algae (1) ?dolograinstone.

6663.6

ostracode, codiacean algae (1), calcisphere, peloid
?dolowackestone.

6664.7

ostracode, ?algal grain, calcisphere, codiacean algae (1 and
2), peloid dolopackstone with ?blue-green algal filaments in
matrix.

6666.4

crinoid, ostracode, fenestrate bryozoan, codiacean algae (1),
coral (Thamnopora), brachiopod, calcisphere, peloid
dolopackstone with ?blue-green algal filaments in matrix.

6667.5

ostracode, codiacean algae (1), calcisphere, peloid
dolowackestone with ?blue-green algal filaments in matrix.

6668.3

gastropod, ostracode, calcisphere, codiacean algae (1), peloid
dolowackestone with vug-channels.

6669.4

dolomitic, codiacean algae (1), fenestrate bryozoan,
brachiopod, gastropod, ?algal grain, calcisphere, peloid
wackepackstone with blue-green algal filaments in matrix.

6670.3

dolomitic, trilobite, brachiopod, ostracode, fenestrate
bryozoan, codiacean algae (1), ?algal grain, calcisphere,
peloid packstone with minor bladed anhydrite.

6671.2

dolomitic, brachiopod, crinoid, fenestrate bryozoan, ?algal
grain, codiacean algae (1), calcisphere, peloid wackepackstone
with ?blue-green algal filaments in matrix.

6671.4

dolomitic, crinoid, ostracode, fenestrate bryozoan, ?algal
grain, codiacean algae (1), calcisphere, codiacean algae,
peloid wackestone.

6675.3

dolomitic, trilobite, gastropod, crinoid, ostracode,
brachiopod, fenestrate bryozoan, calcisphere, codiacean algae
(1), peloid packstone.

6675.S

brachiopod, crinoid, fenestrate bryozoan, ostracode, ?algal
grain, codiacean algae (1), calcisphere, peloid
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dolowackepackstone with ?blue-green algal filaments in matrix.
6675.7

dolomitic, brachiopod, coral (Thamnopora), encrusting
bryozoan, ostracode, fenestrate bryozoan, calcisphere, ?algal
grain, codiacean algae (1), peloid wackestone.

6709.8

dolomitic, fenestrate bryozoan, ostracode, peloid,
calcisphere, codiacean algae (1) wackestone with bladed
anhydrite and vug-channels.

6711.6

crinoid, codiacean algae (1 and 2)~ calcisphere, ostracode
?dolowackestone with long, isopachous, calcite-lined
vug-channels and with bladed anhydrite.

6713.5

dolomitic, ostracode, calcisphere, codiacean algae (1), peloid
packstone with long, isopachous, calcite-lined vug-channels
and with minor bladed anhydrite.

6714.4

dolomitic, ostracode, codiacean algae (1), calcisphere,
crinoid, peloid wackestone.

6716.1

dolomitic, gastropod, fenestrate bryozoan, ostracode,
codiacean algae (1), calcisphere, peloid packstone with
long, isopachous, calcite-lined vug-channels and stylolites.

6716.5

dolomitic, tentaculitid, ostracode, codiacean algae (1),
calcisphere, peloid wackestone with long, isopachous, calcitelined vug-channels.

6716.8

dolomitic, brachiopod, fenestrate bryozoan, codiacean algae
(1) wackestone with long, isopachous, calcite-lined
vug-channels.

6717.0

dolomitic, gastropod, brachiopod, codiacean algae (1),
ostracode, calcisphere, peloid wackestone with long,
isopachous, calcite-lined vug-channels and with bladed
anhydrite.

6717.6

dolomitic, ostracode, calcisphere, peloid wackestone with
long, isopachous, calcite-lined vug-channels.

6718.0

dolomitic, ostracode, calcisphere, codiacean algae (1)
wackepackstone with bladed anhydrite and long, isopachous,
calcite-lined vug-channels.

6718.9

dolomitic, fenestrate bryozoan, brachiopod, ostracode,
codiacean algae (1), calcisphere, peloid ?packstone with
long, isopachous, calcite-lined vug-channels and stylolites.

6721.4

dolomitic, brachiopod, crinoid, fenestrate bryozoan,
encrusting bryozoan, ostracode, calcisphere, peloid ?packstone
with long, isopachous, calcite-lined vug-channels.
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6723.1

dolomitic, tentaculitid, brachiopod, crinoid, fenestrate
bryozoan, codiacean algae (1), ostracode, calcisphere, peloid
wackepackstone with long, isopachous, calcite-lined
vug-channels.

6725.9

dolomitic, crinoid, ?stromatolite (?algal mat), ostracode,
fenestrate bryozoan, codiacean algae (2), brachiopod,
calcisphere, peloid packstone.

6726.1

dolomitic, trilobite, crinoid, brachiopod, fenestrate
bryozoan, ostracode, calcisphere, peloid packstone with
long, isopachous, calcite-lined vug-channels and with
?blue-green algal filaments in matrix.

6726.9

tentaculitid, dendroid stromatoporoid (Amphipora),
brachiopod, crinoid, coral (Thamnopora), ?algal grain,
ostracode, calcisphere, fenestrate bryozoan, codiacean algae
(1), peloid packstone with long, isopachous, calcite-lined
vug-channels and with ?blue-green algal filaments in matrix.

6729.7

tentaculitid, brachiopod, fenestrate bryozoan, ostracode,
coral (Thamnopora), ?codiacean algae (?2), crinoid,
encrusting bryozoan, peloid, intraclast dolopackstone.

6731.1

dolomitic, trilobite, gastropod, coral (Thamnopora),
brachiopod, crinoid, fenestrate bryozoan, dendroid
stromatoporoid (Amphipora), ostracode, calcisphere,
codiacean algae (1 and 2), peloid packstone with ?blue-green
algal filaments in matrix.

6732.6

trilobite, brachiopod, encrusting bryozoan, crinoid,
fenestrate bryozoan, calcisphere, ostracode, codiacean algae
(2), coral (?Alveolites), peloid ?dolopackstone.

6734.5

ostracode, fenestrate bryozoan, brachiopod, encrusting
bryozoan, calcisphere, crinoid, codiacean algae (2), coral
(?Alveolites, Thamnopora), peloid dolowackepackstone.

6735.4

dolomitic, gastropod, crinoid, fenestrate bryozoan,
calcisphere, ostracode, ?algal grain, codiacean algae (1),
peloid packstone with long, isopachous, calcite-lined
vug-channels and with blue-green algal filaments in matrix.

6737.2

brachiopod, crinoid, encrusting bryozoan, fenestrate bryozoan,
codiacean algae (1), ostracode, calcisphere, peloid
dolopackstone with ?blue-green algal filaments in matrix and
with stylolite.

6758.8

tentaculitid, fenestrate bryozoan, ostracode, calcisphere,
crinoid, codiacean algae (1), peloid ?dolopackstone with
long, isopachous, calcite-lined vug-channels.

6759.0

gastropod, fenestrate bryozoan, ostracode, calcisphere,
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peloid, crinoid dolopackstone with stylolite and long,
isopachous, calcite-lined vug-channel.
6762.9

dolomitic, fenestrate bryozoan, ostracode, brachiopod, ?algal
grain, calcisphere, crinoid, codiacean algae (1), peloid
packstone.

6764.3

trilobite, tentaculitid, calcisphere, brachiopod, crinoid
dolowackestone.

6768.4

trilobite, tentaculitid, brachiopod, calcisphere, crinoid
dolowackestone with bladed anhydrite.

6769.2

trilobite, calcisphere, brachiopod, crinoid
dolowackepackstone.

6770.4

trilobite, crinoid, brachiopod dolowackestone.

6772.4

dolomitic, trilobite, fenestrate bryozoan, crinoid, brachiopod
packstone with stylolite and disseminated pyrite.

6774.1

trilobite, gastropod, crinoid, brachiopod wackestone with
stylolite, pyrite concentrated in bioturbated areas, and
bladed anhydrite in unfilled portion of burrow.

6774.3

dolomitic, trilobite, gastropod, crinoid, brachiopod
wackestone with pyrite disseminated and concentrated in
margins of burrows.

6774.5

trilobite, ostracode, brachiopod wackestone with sediment- and
equant calcite-filled burrow and with disseminated pyrite.

6774.7

dolomitic, trilobite, tentaculitid, ostracode, brachiopod
wackestone with stylolite and disseminated pyrite.

6775.0

dolomitic, trilobite, fenestrate bryozoan, crinoid, brachiopod
wackestone with disseminated pyrite.

6776.4

fenestrate bryozoan, brachiopod dolopackstone with overpacked
fabric, pressure solution between touching allochems, and with
blocky anhydrite replacement of allochems and matrix.

6777.6

dolomitic, trilobite, fenestrate bryozoan, crinoid, brachiopod
wackestone with horsetail stylolite, pyrite concentrated in
patch, and blocky anhydrite.

6778.1

dolomitic, trilobite, tentaculitid, fenestrate bryozoan,
ostracode, crinoid, brachiopod packstone with disseminated
pyrite and with blocky anhydrite.

6780.2

dolomitic, ostracode, gastropod, trilobite, fenestrate
bryozoan, crinoid, brachiopod packstone with stylolite, pyrite
concentrated in allochems and with blocky anhydrite.
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6781.4

dolomitic, trilobite, tentaculitid, crinoid, brachiopod
wackestone with blocky anhydrite replacement of matrix and
allochems.

6781.8

brachiopod dolowackestone with disseminated pyrite and blocky
anhydrite replacement of allochems and matrix.

6783.1

mottled dolomudstone (Ashern).

BURKE COUNTY
NDGS Well No. 2800
8288.2

mottled felted anhydrite with trace of dolomudstone.

8299.3

laminated to thin bedded, felted anhydrite with peloid
dolomudstone with stylolites and some enterolithic fabric.

8303.4

mottled dolomudstone with small felted anhydrite nodules,
mostly oval with long dimension parallel with bedding.

8303.7

laminated dolomudstone with abundant small felted anhydrite
nodules, some beginning to coalesce in laminations; other
laminations of felted anhydrite with dolomudstone;
microstylolites between laminations.

8304.8

laminated dolomudstone with abundant small felted anhydrite
nodules, some beginning to coalesce in laminations, with
?ghosts of algal filaments, both in dolomudstone and in
anhydrite.

8306.2

mottled dolomudstone with discontinuous organic material and
small oval felted anhydrite nodules, parallel with bedding.

8308.9

laminated dolomudstone with abundant microstylolites.

8313.0

undulatingly laminated dolomudstone with discontinuous organic
stringers and rare bladed anhydrite in vugs and with rare
disseminated pyrite.

8313.4

laminated dolomudstone with rare small anhydrite nodules and
microstylolites.

8313.8

laminated dolomudstone.

8316.0

laminated dolomudstone with felted anhydrite nodules (with
?algal filaments) and microstylolites.

8317.7

faintly laminated and mottled dolomudstone (with ?algal
filaments) with equant calcite-filled fracture.

8319.0

mottled dolomudstone with bladed anhydrite in vugs and felted
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anhydrite nodules.
8319.8

mottled dolomudstone.

8322.0

laminated dolomudstone with microstylolites and rare celestite
crystals, some laminations with minor peloids lined up within.

8322.8

mottled dolomudstone with organic-rich streaks.

DIVIDE COUNTY
NDGS Well No. 4423
No thin sections taken.
NDGS Well No. 5246
10203.5

intraclast (laminated dolomudstone) in felted anhydrite.

10205.9

felted anhydrite with isolated dolomite rhombohedra and
dolomitic areas and stringers.

10210.4

felted anhydrite with stringers and areas of dolomudstone.

10216.9

felted anhydrite with areas of dolomudstone and with
dolomudstone stringers in anhydrite.

10219.0

dolomudstone swirled with felted anhydrite, some anhydrite
nodules within dolomudstone, with stylolites.

10219.3

dolomudstone with felted anhydrite nodules; mixed with swirled
dolomudstone with felted anhydrite; with bladed anhydritefilled fracture and with ?ghosts of algal filaments.

10220.7

mottled dolomudstone mixed with felted anhydrite, with
anhydrite nodules containing ?ghosts of algal filaments.

10222.0

dolomudstone with felted anhydrite nodules, some coalescing to
form enterolithic fabric, with ?ghosts of algal filaments.

10222.6

dolomudstone with small felted anhydrite nodules.

10223.8

dolomudstone with small felted anhydrite nodules.

10225.8

dolomudstone with small felted anhydrite nodules and celestite
crystals.

10228.7

dolomudstone with stylolites and microstylolites and with
small anhydrite nodules and celestite crystals and with pyrite
concentrated within and close to stylolitic seams.
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10230.2

mottled dolomudstone with faint organic traces and very small
felted anhydrite nodules.

10234.6

mottled dolomudstone with organic stringers.

10237.7

porous, mottled dolomudstone.

10241.6

mottled dolomudstone, laminated at top and bottom.

10242.0

mottled dolomudstone with increasing amount of organic-rich
stringers in upper third, and with stylolites and equant
calcite-filled fractures.

10251.8

mottled dolomudstone with organic-rich stringers,
microstylolites, and isolated celestite crystals.

10256.4

mottled dolomudstone with great concentrations of organic
stringers and microstylolites in lower half and with
anhydrite-filled fractures.

10265.0

mottled peloid dolowackestone with stylolite.

10266.4

laminated, peloid mudstone with organic-rich stringers,
microstylolites and stylolites between laminations, peloids
concentrated within laminations.

10267.2

mottled, organic-rich mudstone.

10268.8

organic-rich, mottled and laminated mudstone with stringers,
microstylolites, and horizontal and vertical stylolites.

10270.9

laminated mudstone with organic-rich, wavy stringers and
microstylolites.

10271.0 mottled mudstone.
10271.6

mottled, organic-rich mudstone with stringers, stylolites and
microstylolites.

10272.2

mottled, ?stromatolite (?algal mat), ostracode, crinoid,
peloid dolowackestone with some blocky anhydrite replacement
of matrix and allochems.

10272.7

ostracode, peloid wackestone with felted anhydrite nodules,
blocky anhydrite replacement, and rare dolomitization.

10274.4

mottled, ostracode, ?intraclast dolopackstone with
disseminated pyrite.

10277.9

mottled, dolomitic, crinoid, calcisphere, oncolite, ostracode,
brachiopod, bivalve, gastropod, codiacean algae (1), peloid
packstone with blocky anhydrite replacement and Sphaerocodium
in oncolite.
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10280.0

mottled, red algae, oncolite, brachiopod, ostracode,
gastropod, crinoid, codiacean algae (1), peloid packstone with
anhydrite replacement and stylolites, and with Sphaerocodium
in oncolite.

10283.7

ostracode, tentaculitid, gastropod, fenestrate bryozoan,
intraclast, brachiopod, oncolite, crinoid packstone with
stylolites.

10290.0

mottled, fenestrate bryozoan, bivalve, crinoid, brachiopod
packstone.

10294.0

fenestrate bryozoan, crinoid, brachiopod wackepackstone with
pyrite concentrated along shell structures.

10294.7

mottled, dolomitic, brachiopod packstone with rare anhydrite
replacement and with very finely comminuted material.

10296.7

mudstone; gastropod, ostracode, crinoid, brachiopod wackestone
with disseminated pyrite and stylolite.

10298.9

mottled, fenestrate bryozoan, crinoid, brachiopod packstone,
burrows filled with overpacked and "equivalent-sized"
fragments.

10300.2

mottled mudstone; fenestrate bryozoan, crinoid, brachiopod
packstone, packing denser in bioturbated areas.

10302.0

fenestrate bryozoan, crinoid, brachiopod packstone with pyrite
and with rare anhydrite replacement.

10304.3

trilobite, gastropod, crinoid, brachiopod wackestone with
patchy anhydrite replacement.

10305.6

mottled dolomudstone (Ashern).
Twenty-four thin sections of Ashern are included in the set,
but they are not described here.

NDGS Well No. 6603
No thin sections taken.
DUNN COUNTY

NDGS Well No. 505
11156A

"Representative cut" (These were the only pieces
of core which were given to the NDGS).

trilobite, coral (Thamnopora), peloid, crinoid, brachiopod
grainstone with some anhydrite-filled vugs.
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11156B

ostracode, trilobite, brachiopod, crinoid, partly-washed
packstone with fragmented and abraded shells in overpacked
fabric.

11167

dolomitic, brachiopod, crinoid wackestone matrix surrounding
stromatoporoid--coral (Alveolites).

11178A

fenestrate bryozoan, trilobite, ostracode, gastropod,
brachiopod, crinoid wackestone and packstone with ?burrows,
pyrite concentrated in margins.

11178B

tentaculitid, intraclast, gastropod, crinoid, brachiopod,
peloid, poorly-washed grainstone (up is opposite arrow).

11184A

trilobite, crinoid, brachiopod, partly-washed packstone with
pyrite concentrated around burrows, stylolites and vugs.

11184B

tentaculitid, trilobite, gastropod, ostracode, crinoid,
brachiopod wackestone with disseminated pyrite and with
stylolite.

11194A

trilobite, gastropod, brachiopod, crinoid, partly-washed
packstone with vugs and fractures rarely anhydrite-filled;
crinoids in all sizes.

11194B

brachiopod, gastropod, crinoid, ostracode wackestone with
stylolites, horsetail stylolite, and equant calcite-filled
fractures; cementation prior to stylolitization.

11202

dolomudstone with disseminated pyrite and quartz silt
(Ashern).

NDGS Well No. 793
11365.2

dolomudstone with very small felted anhydrite nodules and
quartz silt.

11369.6

laminated dolomudstone with blocky anhydrite-filled vugs, with
stylolites and quartz silt.

11369.8

mottled and laminated dolomudstone; and calcisphere
dolowackestone and dolomudstone with blocky anhydrite-filled
vugs.

11371.S

mottled dolomudstone with rare lamination and with quartz
silt.

11372.2

laminated dolomudstone with microstylolites and bladed
anhydrite replacement along laminations.

11373.0

mottled and laminated dolomudstone; felted anhydrite swirled
with dolomudstone, with disseminated pyrite.
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11373.8

mottled, calcisphere dolowackestone with felted and rare
bladed anhydrite nodules and quartz silt.

11375.0

mottled dolomudstone with disseminated pyrite and with felted
anhydrite nodules and quartz silt.

11376.9

laminated, calcisphere, ostracode, peloid dolopackstone with
disseminated pyrite and with equant calcite- and blocky
anhydrite-filled vugs, some laminations with abundant quartz
silt.

11377.5

laminated dolomudstone; with some laminations composed of
pyritized and fragmented-ostracode dolowackestone.

11377.8

laminated, calcisphere dolomudstone with blocky anhydritefilled vugs and fractures and with disseminated pyrite and
quartz silt.

11388.9

laminated and mottled dolomudstone; and peloid dolowackestone
with pyrite concentrated in some laminations.

11391.7

peloid dolopackstone and dolowackestone.

11392.2

laminated dolomudstone with microstylolites, quartz silt and
blocky anhydrite replacement along laminations.

11392.3

laminated dolomudstone; and peloid dolowackestone and
dolopackstone with microstylolites and blocky anhydrite-filled
vugs.

11394.1

unevenly laminated dolomudstone, some laminations mottled
within, with microstylolites.

11394.3

felted anhydrite swirled with laminated dolomudstone.

11394.6

felted anhydrite swirled with stringers of dolomudstone.

11395.1

mottled, intraclast, peloid dolowackestone with blocky
anhydrite-filled vugs.

11395.4

porous, peloid dolowackestone with open and blocky anhydritefilled vugs.

11395.7

laminated dolomudstone with pyrite concentrated along wispy
stringers and microstylolites and with blocky anhydrite-filled
fracture.

11398.8

porous, mottled dolomudstone with quartz silt and blocky
anhydrite-filled vugs.

11399.3

mottled, calcisphere, peloid wackestone with lenses of peloid
packstone.
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11399.6

laminated and mottled, calcisphere, peloid wackestone.

11400.3

bivalve, gastropod, peloid packstone and grainstone with
celestite crystals and with blocky anhydrite-filled vugs.

11400.4

laminated and mottled dolomudstone with pyrite concentrated
along laminations and within mottled areas.

11401.1

vaguely laminated and mottled dolomudstone with pyrite
concentrated within or between laminations and with felted
anhydrite nodule.

NOTE:

Thin sections 11401.1 - 11436.4 were mistakenly
labeled NDGS Well No. 973 instead of Well No. 793)

11402.3

mottled dolomudstone with blocky anhydrite-filled vugs.

11403.2

porous, mottled dolomudstone with open and blocky anhydritefilled vugs.

11404.9

mottled, ostracode dolomudstone with disseminated pyrite.

11406.2

faintly laminated, calcisphere, peloid dolowackepackstone with
quartz silt and with pyrite concentrated along laminations.

11406.6

faintly laminated, calcisphere, peloid dolowackestone with
equant calcite-filled fenestral fabric and with disseminated
pyrite.

11407.3

mottled, calcisphere, peloid dolomudstone with quartz silt.

11408.6

dolomitic, ?calcisphere, bivalve, gastropod, crinoid, peloid
brachiopod, wackepackstone.

11408.7

dolomitic, calcisphere, brachiopod, ostracode, crinoid,
bivalve, gastropod, peloid packstone.

11410.3

calcisphere, ostracode, bivalve, gastropod, micrite-rimmed
grain, peloid packstone with areas of grainstone (micriterimmed grains: some bivalve, ?intraclasts, or other
incompletely micritized skeletal grains; two peloid sizes).

11411.1

ostracode, calcisphere wackestone with equant calcite-filled
fenestral fabric.

11411.3

ostracode, calcisphere wackestone; some calcispheres flattened
and distorted or broken.

11412.1

ostracode, calcisphere mudstone with pyrite and quartz silt.

11419.2

mottled dolomudstone.

11419.8

crinoid, calcisphere, gastropod, ostracode, bivalve packstone
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with patches of dolomudstone with stylolite, overpacked fabric
and pressure solution at grain-to-grain contacts, pyrite
concentrated along stylolite; some bivalves bored (micrite
tubes penestrate shell), many with micrite rims.
11422.2

trilobite, ostracode, ramose bryozoan, brachiopod, gastropod,
bivalve, peloid, crinoid packstone.

11423.4

trilobite, ostracode, brachiopod, ?intraclast, bivalve,
gastropod, peloid, crinoid dolopackstone with bladed
anhydrite-filled vugs.

11427.0

trilobite, ramose bryozoan, ostracode, gastropod, bivalve,
crinoid, brachiopod dolowackestone.

11427.9

ramose bryozoan, bivalve, ostracode, gastropod, crinoid,
brachiopod dolowackestone with finely comminuted material.

11430.2

coral, trilobite, encrusting foraminifers, ramose bryozoan,
crinoid, brachiopod wackestone with geopetal fabric.

11430.8

trilobite, gastropod, ramose bryozoan, coral (Thamnopora),
brachiopod, crinoid dolowackepackstone.

11431.2

gastropod, trilobite, ostracode, coral (Thamnopora),
ramose bryozoan, brachiopod, crinoid dolowackepackstone with
geopetal fabric.

11431.4

faintly laminated, ?mud-cracked, ramose bryozoan, crinoid,
brachiopod dolomudstone and dolowackestone.

11431.6

faintly laminated, gastropod, ramose bryzoan, calcisphere,
ostracode, coral (Thamnopora), crinoid, brachiopod
dolowackestone with quartz silt.

11433.6

trilobite, ostracode, gastropod, ramose bryozoan, crinoid,
encrusting bryozoan~coral (Thamnopora) and ~brachiopod
dolopackstone with micrite rims and pyrite concentrated in
stylolites.

11433.9

gastropod, encrusting bryozoan, crinoid, brachiopod wackestone
with areas of packstone and with rare bladed anhydrite.

11434.6

trilobite, ostracode, crinoid, ramose bryozoan, brachiopod
wackepackstone.

11434.9

encrusting bryozoan, calcisphere, ostracode, coral
(Thamnopora), crinoid, brachiopod wackestone.

11435.4

trilobite, tentaculitid, encrusting bryozoan--crinoid, ramose
bryozoan, gastropod, bivalve, crinoid, brachiopod, peloid
packstone with geopetal fabric.
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11436.1

trilobite, encrusting foraminifers, encrusting bryozoan,
ramose bryozoan, crinoid, brachiopod wackepackstone with
bladed anhydrite in vugs and with geopetal fabric.

11436.4

coral (Syringopora, Thamnopora), encrusting bryozoan,
fenestrate bryozoan, crinoid, ramose bryozoan, brachiopod
wackepackstone.

11436.9

trilobite, gastropod, ostracode, calcisphere, ramose bryozoan,
fenestrate bryozoan, crinoid, brachiopod wackepackstone with
geopetal fabric.

11446.5

tentaculitid, bivalve, gastropod, calcisphere, ostracode,
brachiopod, crinoid, fenestrate bryozoan, peloid
wackepackstone.

11447.3

trilobite, tentaculitid, bivalve, fenestrate bryozoan,
brachiopod, crinoid, ostracode, peloid packstone with
organic-rich lenses which become stylolitic.

11447.6

tentaculitid, gastropod, ostracode, ramose bryozoan, crinoid,
brachiopod wackestone with areas of packstone.

11448.7

peloid, crinoid, calcisphere, ostracode, brachiopod packstone.

11448.9

tentaculitid, brachiopod, crinoid, fenestrate bryozoan,
ostracode, peloid, coral (Thamnopora, Syringopora)
?boundstone with stylolite.

11449.7

ostracode, peloid, coral (Syringopora) ?boundstone.

11450.5

tentaculitid, ?intraclast, ostracode, encrusting foraminifers,
fenestrate bryozoan, coral (Thamnopora), gastropod,
crinoid, brachiopod packstone with organic-rich stringers.

11451.1

tentaculitid, calcisphere, ostracode, fenestrate bryozoan,
coral (Thamnopora), bivalve, gastropod, crinoid,
brachiopod, peloid packstone with geopetal fabric.

11451.8

mottled, tentaculitid, trilobite, encrusting foraminifers,
ostracode, fenestrate bryozoan, gastropod, crinoid,
brachiopod, coral (Thamnopora, Syringopora) ?boundstone
with geopetal fabric and organic-rich areas and stylolite.

11452.3

ramose bryozoan, crinoid, ostracode, brachiopod, peloid, coral
(Thamnopora, Alveolites), packstone with organic-rich
stringers.

11452.4

trilobite, fenestrate bryozoan, ostracode, bivalve, ramose
bryozoan, gastropod, coral (solitary rugosan), crinoid,
brachiopod, peloid packstone with stylolite.

11452.6

trilobite, encrusting bryozoan, ramose bryozoan, crinoid,
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brachiopod, coral (Thamnopora, Syringopora, solitary
rugosan) ?boundstone with overpacked fabric, stylolite, and
pressure solution.
11453.2

mottled, encrusting bryozoan, ramose bryozoan, ostracode,
gastropod, coral (Thamnopora), crinoid, brachiopod
packstone with ?blue-green algal filaments in matrix and with
organic-rich areas; brachiopod within brachiopod.

11453.7

organic-rich, ostracode, brachiopod, crinoid, blue-green
algae--encrusting bryozoan--stromatoporoid ?boundstone.

11454.3

organic-rich, ostracode, fenestrate bryozoan, brachiopod,
crinoid packstone with finely comminuted material and with
pyrite concentrated in stylolite.

11454.9

organic-rich, fenestrate bryozoan, trilobite, ostracode,
crinoid, brachiopod, coral (Alveolites) packstone.

11455.4

tentaculitid, fenestrate bryozoan, gastropod, brachiopod,
crinoid, blue-green algae (?Girvanella)--coral (solitary
rugosan, Thamnopora) packstone with some recrystallization.

11455.9

tentaculitid, fenestrate bryozoan, ostracode, brachiopod,
crinoid, stromatoporoid packstone with a very organic-rich,
cm-thick lens.

11456.5

encrusting foraminifers, fenestrate bryozoan, ?calcisphere,
ostracode, brachiopod, crinoid wackepackstone with varying
amounts of organic content.

11456.6

fenestrate bryozoan, gastropod, brachiopod, crinoid, ?coral
(Alveolites) packstone with organic-rich interbeds.

11457.6

mottled, ostracode, brachiopod, crinoid wackepackstone with
finely comminuted material (finest in bioturbated areas).

11457.8

intraclast, coral (solitary rugosan), brachiopod, crinoid,
ostracode, bivalve, gastropod, peloid packstone with equant
calcite-filled fracture and organic-rich stringers and with
stylolite.

11458.5

trilobite, fenestrate bryozoan, encrusting bryozoan, coral
(Thamnopora, solitary rugosan), ostracode, bivalve,
gastropod, crinoid, brachiopod packstone with felted anhydrite
nodule.

11459.2

ostracode, calcisphere, fenestrate bryozoan, gastropod,
crinoid, bivalve, brachiopod wackepackstone with geopetal
fabric.

11460.0

ostracode, fenestrate bryozoan, brachiopod, bivalve,
gastropod, crinoid packstone with some recrystallization.
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11461.6

fenestrate bryozoan, ostracode, coral (Thamnopora),
bivalve, intraclast, gastropod, crinoid, brachiopod, peloid
grainstone.

11462.5

(2) trilobite, gastropod, crinoid, brachiopod, peloid,
stromatoporoid~coral (Thamnopora or Alveolites)
packstone with equant calcite-filled fractures and stylolite.

11463.9

tentaculitid, ramose bryozoan, coral (Thamnopora),
bivalve, gastropod, crinoid, brachiopod, peloid packstone and
grainstone with micrite-rimmed grains, centers recrystallized.

11464.4

fenestrate bryozoan, trilobite, gastropod, bivalve coral
(Thamnopora), crinoid, brachiopod, peloid packstone with
fractured, overpacked fabric and pressure solution, with
organic-rich areas, stylolite, and pyrite concentrated in
allochems.

11464.5

fenestrate bryozoan, crinoid, calcisphere, peloid packstone;
stylolite separating above; fenestrate bryozoan, bivalve,
coral (Alveolites), gastropod, crinoid, brachiopod, peloid
packstone.

11466.2

mottled, gastropod, coral, crinoid, brachiopod packstone and
mud stone.

11467.3

tentaculitid, peloid, bivalve, ostracode, crinoid, gastropod,
brachiopod, coral (Syringopora) packstone and mudstone
with minor shelter porosity and geopetal fabric.

11467.5

trilobite, ostracode, gastropod, crinoid, brachiopod packstone
with geopetal fabric and stylolite.

11470.0

fenestrate bryozoan, ostracode, intraclasts (fractured)
trilobite, gastropod, crinoid, brachiopod, coral
(?Alveolites, ?Hexagonaria) packstone with very finely
comminuted material, felted anhydrite nodule and stylolite.

11471.0

calcisphere, ostracode, crinoid, blue-green algae
(?Girvanella)~coral (solitary rugosan), peloid packstone
and grainstone.

11471.4

trilobite, encrusting foraminifers-- and blue-green algae
(?Girvanella)~fenestrate bryozoan, brachiopod, gastropod,
ostracode, crinoid, coral (Thamnopora) packstone with
organic-rich stringers and with recrystallization.

11472.7

intraclast, bivalve, crinoid, gastropod, peloid, coral
(?Thamnopora) grainstone with areas of packstone; mollusks
with micrite-rims.

11472.9

mottled, ?cephalopod, ostracode, bivalve, crinoid, gastropod
wackestone with nonfossiliferous, organic-rich lenses
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separated by stylolites from mottled areas.
11474.7

mottled, partly organic-rich, calcisphere, ostracode, bivalve,
crinoid wackestone; and intraclast, gastropod, brachiopod,
crinoid, ostracode packstone; both with finely comminuted
material.

11475.9

gastropod, crinoid, stromatoporoid--blue-green algae--coral
(Alveolites) ?boundstone.

11476.7

mottled, trilobite, brachiopod, ostracode, bivalve, crinoid,
gastropod wackestone with finely comminuted material.

11477.8

tentaculitid, trilobite, brachiopod, bivalve, crinoid,
gastropod packstone (first and third); organic-rich mudstone
(second); and gastropod, crinoid wackestone (fourth).

11481.5

mottled, tentaculitid, trilobite, gastropod, brachiopod,
crinoid packstone with stylolite.

11481.9

trilobite, gastropod, brachiopod, coral (solitary rugosan),
crinoid wackestone and packstone with finely comminuted
material.

11482.1

bivalve, gastropod, crinoid, brachiopod wackestone above;
organic-rich, coral, crinoid, brachiopod wackestone with
finely comminuted fragments with wispy stringers and
stylolites and dolomite replacement of coral.

11483.2

mottled, gastropod, bivalve, crinoid, brachiopod, coral
(Thamnopora) mudstone to packstone.

11484.5

tentaculitid, fenestrate bryozoan, coral (Thamnopora,
Syringopora), crinoid, brachiopod packstone; with horsetail
stylolite between above; crinoid, brachiopod mudstone with
finely comminuted material.

11485.7

trilobite, brachiopod, bivalve, coral Thamno ora),
crinoid, gastropod packstone with stylolite mollusks have
micrite-filled borings).

11486.3

mottled mudstone with finely comminuted material found in
wackestone-filled burrows.

11486.6

encrusting foraminifers, gastropod, crinoid, brachiopod, coral
(?Favosites, Alveolites) packstone with stylolite.

11500.0

mottled, encrusting bryozoan, trilobite, bivalve, crinoid,
gastropod, brachiopod packstone with minor areas of mudstone
and wackestone and with phosphate shell (?conodont) fragment
and stylolite.

11500.7

trilobite, encrusting bryozoan, gastropod, crinoid,
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brachiopod, bivalve, coral (Thamnopora) wackestone.
11501.0

crinoid, brachiopod, coral (Favosites) wackestone.

11501.1

bivalve, gastropod, encrusting bryozoan--brachiopod
wackestone; brachiopod with spiralia.

11503.4

mottled, crinoid, brachiopod packstone with mudstone
inter bedded.

11505.7

mottled, trilobite, brachiopod, crinoid, ostracode mudstone
with disseminated pyrite.

11506.7

mottled, ostracode, brachiopod, crinoid mudstone and
wackestone with disseminated pyrite.

11507.1

mottled, trilobite, bivalve, gastropod, ostracode, brachiopod,
crinoid wackestone and packstone with mudstone which also
contains finely comminuted fragments; pyrite concentrated
along wispy stringers and stylolites; crinoids all sizes.

11508.5

tentaculitid, trilobite, bivalve, peloid, crinoid, brachiopod,
poorly-washed grainstone with syntaxial overgrowth, pressure
solution, and stylolite.

11510.4

mudstone above; trilobite, bivalve, crinoid, gastropod,
brachiopod, coral (Syringopora) ?boundstone.

11510.7

brachiopod, ?conodont, gastropod, coral (Syringopora)
mudstone with stylolite and concentrated and disseminated
pyrite; solution of gastropod before cementation of matrix.

11523.9

?conodont, crinoid, gastropod, brachiopod wackestone and
packstone; solution of gastropod before cementation of matrix.

11526.1

trilobite, bivalve, gastropod, ostracode, crinoid, brachiopod
packstone with stylolites.

11526.5

mottled, ?conodont, trilobite, ostracode, crinoid, brachiopod
wackestone and packstone with horsetail stylolites.

11527.3

mottled, crinoid, bivalve, gastropod, brachiopod wackestone
and packstone with finely comminuted material, disseminated
pyrite, and wispy stringers.

11528.7

bivalve, gastropod, crinoid, peloid, brachiopod, partly-washed
packstone with overpackeQ fabric, fractured allochems, and
pressure solution.

11529.2

?conodont, gastropod, trilobite, crinoid, ostracode,
brachiopod packstone with abundant finely comminuted material.

11530.6

bivalve, gastropod, crinoid, brachiopod mudstone with patches

502
of packstone and with disseminated pyrite and wispy
stringers.
11530.8

trilobite, crinoid, brachiopod packstone; peloid,
partly-washed grainstone; both with overpacked fabric and
pressure solution between grains and with stylolites.

11532.2

mottled, trilobite, bivalve, gastropod, ostracode, crinoid,
brachiopod wackestone with beds of packstone and mudstone with
wispy stringers.

11532.6

mottled, ?conodont, trilobite, gastropod, ostracode, bivalve,
crinoid, peloid, brachiopod wackestone and packstone above;
mudstone; with wispy stringers.

11544.8

partly recrystallized, trilobite, crinoid, peloid, brachiopod
wackestone and packstone; separating stylolite above; mudstone
and wackestone with finely comminuted material.

11550.0

mottled, brachiopod mudstone with finely-comminuted-material
wackestone-filled burrows.

11551.4

bivalve, gastropod, crinoid, ostracode, peloid, brachiopod
packstone and some poorly-washed grainstone with syntaxial
overgrowths and shelter porosity (brachiopods parallel to
bedding) above; mudstone.

11551.9

trilobite, crinoid, ostracode, brachiopod, partly-washed
packstone with stylolites and many recrystallized grains.

11554.7

mottled, patches of trilobite, gastropod, ostracode, crinoid,
brachiopod wackestone and packstone in mudstone with very
finely comminuted material.

11555.0

crinoid, brachiopod wackestone on top and bottom with
tentaculitid, trilobite, gastropod, peloid, crinoid,
brachiopod packstone in center; with wispy stringers and
stylolite.

11555.8

patches of mottled, gastropod, crinoid, brachiopod wackestone
in mudstone with finely comminuted material, wispy stringers
and stylolite.

McHENRY OOUNTY
NDGS Well No. 5185
No thin sections taken.
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NDGS Well No. 5279
5096.8

dolomudstone with blocky anhydrite-filled fenestral fabric and
with pyrite concentrated around vugs; non-ferroan dolomite
(stained).

5100.2

thin-bedded (1.0 cm), dolomudstone; and peloid dolopackstone
with blocky anhydrite-filled fracture and vugs and with quartz
silt.

5100.3

laminated and thin-bedded (1.0 cm) dolomudstone with
disseminated pyrite and felted anhydrite and with hematite
concentrated along lamina boundaries.

5101.6

calcisphere, peloid packstone with fenestral fabric, with
blocky anhydrite in vugs and fenestrae, and with quartz silt.

5101.8

ostracode, calcisphere, peloid packstone with bladed anhydrite
in vugs.

5102.0

calcisphere mudstone with patches of peloid packstone.

5102.3

?fenestral, laminated, calcisphere, peloid wackestone with
blocky anhydrite in vugs and with quartz silt.

5102.4

dolomitic, laminated, calcisphere, peloid wackestone with
microstylolites and quartz silt.

5102.5

dolomitic, mottled, calcisphere, peloid wackestone with rare
blocky anhydrite in vugs and with quartz silt.

5102.6

dolomitic, mottled mudstone with disseminated pyrite and
quartz silt.

5102.9

dolomitic, mottled, brachiopod mudstone with quartz silt and
with blocky anhydrite in fractures.

5103.0

dolomitic, mottled, brachiopod, calcisphere, and peloid
packstone; laminated dolomudstone with disseminated pyrite and
quartz silt and with blocky anhydrite in fractures.

5103.2

?fenestral, dolomitic, mottled, calcisphere, peloid packstone;
and laminated dolomudstone with pyrite and with blocky
anhydrite in vugs.

5103.3

dolomitic, laminated, calcisphere, peloid packstone and
mudstone with disseminated pyrite, stylolite and with equant
calcite- and blocky anhydrite-filled vugs and fractures.

5104.7

dolomitic, blue-green algae (?Girvanella), ostracode,
brachiopod, gastropod, ?red algae, peloid ?boundstone with
silicification and with bladed anhydrite in vugs.
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5105.0

dolomitic, trilobite, ostracode, coral Thamno ora),
crinoid, calcisphere, dendroid stromatoporoid Amphipora),
peloid packstone with blocky anhydrite in vugs.

5105.2

dolomitic, calcisphere, intraclast, dendroid stromatoporoid
(Amphipora), blue-green algae (?Girvanella), bivalve,
coral (Alveolites), ?algal grain, brachiopod, peloid
packstone with stylolite, silicification and with bladed
anhydrite in vugs.

5105.8

dolomitic, laminated, calcisphere, ?stromatolite (?algal mat),
peloid packstone with blocky anhydrite in vugs.

5105.9

dolomitic, intraclast, coral, dendroid stromatoporoid
(Amphipora), crinoid, ?stromatolite (?algal mat),
brachiopod, calcisphere, ?algal grain, peloid packstone with
blocky anhydrite in vugs.

5106.0

dolomitic, laminated, calcisphere, peloid packstone with
stylolites and with blocky anhydrite in vugs.

5106.1

dolomitic, dendroid stromatoporoid (Amphipora), coral
(Alveolites), crinoid, peloid wackestone separated by
stylolite from alternating laminations of calcisphere, peloid
packstone and mudstone, both with blocky anhydrite in vugs.

5106.8

brachiopod, calcisphere, coral (Syringopora, solitary
rugosan), peloid dolowackestone with stylolite.

5106.9

calcisphere, peloid packstone above; ?algal grain, brachiopod,
calcisphere, coral (solitary rugosan), dendroid stromatoporoid
(Amphipora), peloid dolowackestone with stylolites.

5107.3

brachiopod, coral (solitary rugosan), peloid dolowackestone
with bladed anhydrite in vugs.

5108.0

coral (Hexagonaria, solitary rugosan) dolowackestone with
rare blocky anhydrite replacement.

5109.1

peloid ?dolomudstone with blocky anhydrite in ?vugs or
replacement of burrow-fill.

5110.6

brachiopod, coral (solitary rugosan), stromatoporoid
dolopackstone with blocky anhydrite in fractures.

5111.2

stromatoporoid, brachiopod dolowackestone with blocky
anhydrite replacement.

5119.1

organic-rich, crinoid, stromatoporoid, coral (Alveolites),
brachiopod dolowackestone with wispy stringers.

5119.3

organic-rich, crinoid, stromatoporoid, coral (Syringopora,
Alveolites) dolowackestone with wispy stringers and with
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blocky anhydrite replacement.
5120.9

organic-rich, coral (Alveolites) dolowackestone with
wispy stringers.

5121.5

(L) brachiopod mudstone.

NDGS Well No. 5281
4784.4

laminated dolomudstone swirled with quartz silt and felted
anhydrite (thin section of intraclast); ferroan dolomite
(stained).

4791.7

peloid dolomudstone swirled with felted and blocky anhydrite;
ferroan dolomite (stained).

4792.7

?calcisphere dolomudstone with fenestral fabric and blocky
anhydrite; non-ferroan dolomite (stained).

4792.9

peloid dolopackstone swirled with felted and blocky anhydrite.

4794.0

laminated dolomudstone swirled with felted anhydrite.

4794.7

laminated dolomudstone with disseminated pyrite, fenestral
fabric and with blocky anhydrite replacement.

4796.5

brecciated, mottled and laminated dolomudstone with
disseminated pyrite, swirled with felted anhydrite.

4799.7

brachiopod, peloid dolowackestone with wispy stringers and
with blocky anhydrite.

4804.5

coral (Syringopora) ?doloboundstone with equant calciteand blocky anhydrite-filled vugs.

4804.7

brachiopod dolomudstone with wispy stringers and disseminated
pyrite.

4805.5

mottled, calcisphere, peloid dolomudstone with blocky and
bladed anhydrite (rosette).

4805.9

organic-rich, dendroid stromatoporoid (Amphipora)
dolowackestone with silicification.

4806.6

?dendroid stromatoporoid, peloid dolowackestone with blocky
anhydrite replacement.

4810.7

wispy-laminated dolomudstone with disseminated pyrite.
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NDGS Well No. 5283
5246.8

laminated, peloid dolomudstone with rare intraclasts, felted
anhydrite and pyrite; non-ferroan dolomite (stained).

5250.0

dolomitic, ?encrusting bryozoan, ? gastropod, ostracode,
peloid wackestone with blocky anhydrite in vugs.

5250.7

laminated dolomudstone with quartz silt and with hematite
concentrated along lamina boundaries.

5253.7

ostracode, dendroid stromatoporoid (Amphipora),
calcisphere, peloid packstone with blocky anhydrite
replacement of allochems.

5254.5

dolomitic, dendroid stromatoporoid (Amphipora), coral
(solitary rugosan), calcisphere, peloid wackestone with blocky
anhydrite replacement of allochems.

5254.6

dendroid stromatoporoid (Amphipora), coral (solitary
rugosan), calcisphere, peloid wackestone with blocky anhydrite
replacement of allochems and matrix.

5256.9

dolomitic, dendroid stromatoporoid (?Amphipora),
stromatoporoid--coral (solitary rugosan), calcisphere, peloid
packstone with blocky anhydrite replacement of allochems.

5259.1

dolomitic, calcisphere, peloid, stromatoporoid packstone with
blocky anhydrite replacement of allochems and as cement in
fracture.

5263.7

(L) calcisphere, brachiopod, stromatoporoid packstone.

5264.8

(L) calcisphere, crinoid, brachiopod, stromatoporoid
(Stachyodes) packstone.

5266.5

dolomitic, fenestrate bryozoan, brachiopod, calcisphere,
dendroid stromatoporoid (Amphipora), ?algal grain,
crinoid, peloid packstone.

5269.8

calcisphere, fenestrate bryozoan, crinoid, dendroid
stromatoporoid (Amphipora), brachiopod, encrusting
bryozoan--/--stromatoporoid--coral (solitary rugosan)
dolowackestone with blocky anhydrite replacement of allochems.

5278.1

coral (Alveolites), fenestrate bryozoan, brachiopod
dolowackestone with rare blocky anhydrite.

5280.2

fenestrate bryozoan, crinoid, brachiopod, coral
(Thamnopora, ?Hexagonaria) dolowackestone with rare
blocky anhydrite.

5280.3

dolomitic, crinoid, encrusting bryozoan--stromatoporoid
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wackestone with stylolite and with rare blocky anhydrite in
vugs.
5282.3

fenestrate bryozoan, ostracode, brachiopod, crinoid, peloid,
codiacean algae (1 or 2), coral (solitary rugosan)
dolopackstone with stylolite.

5282.7

dolomitic, trilobite, crinoid, brachiopod, fenestrate
bryozoan, codiacean algae (1 or 2), peloid packstone with
bladed anhydrite and with stylolite.

5283.3

dolomitic, fenestrate bryozoan, brachiopod, coral
(Thamnopora)~stromatoporoid dolowackestone.

5285.8

gastropod, ostracode, crinoid, dendroid stromatoporoid
(?Amphipora), calcisphere, codiacean algae (1 or 2),
brachiopod, coral (Thamnopora, solitary rugosan)
dolowackestone with stylolite.

MOUNTRAIL COUNTY
NDGS Well No. 5088
12017.2

felted anhydrite swirled with porous, calcisphere, peloid
dolopackstone.

12017.8

thin-bedded (1,0 cm), calcisphere, peloid dolopackstone with
blue-green algal filaments.

12019.4

mottled dolomudstone with disseminated pyrite and with felted
anhydrite nodules.

12022.1

mottled dolomudstone with disseminated pyrite.

12022.9

mottled dolomudstone with wispy stringers.

12023.1

mottled dolomudstone with wispy stringers and
microstylolites.

12025.1

porous, mottled dolomudstone.

12028.0

intraclast, calcisphere, peloid packstone with
recrystallization.

12028.9

mottled, dolomitic, ostracode packstone with isolated
celestite crystals above; felted anhydrite.

12031.6

gastropod, calcisphere, peloid dolopackstone.

12035.8

mottled dolomudstone with wispy stringers.

12035.9

mottled dolomudstone with wispy stringers.
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12036.0

laminated, calcisphere dolomudstone.

12040.3

ostracode, dendroid stromatoporoid (Amphipora),
calcisphere, peloid dolopackstone with celestite crystals and
blue-green algal filaments in the matrix.

12044.5

mottled dolomudstone with wispy stringers.

12046.8

mottled and vaguely laminated dolomudstone with wispy
stringers.

12047.5

laminated dolomudstone with wispy stringers and
microstylolites.

12054.0

mottled dolomudstone with wispy stringers.

12056.4

mottled dolomudstone with wispy stringers.

12057.5

brachiopod, coral (?Alveolites), dendroid stromatoporoid
(Amphipora), stromatoporoid, peloid dolopackstone;
stromatoporoid with porosity pattern.

12058.0

(L) stromatoporoid ?wackestone.

12058.9

mottled, dendroid stromatoporoid (Amphipora) dolomudstone
with wispy stringers.

12060.0

crinoid, codiacean algae (1), brachiopod, calcisphere, coral
(Thamnopora), stromatoporoid, peloid dolopackstone with
rare celestite crystals.

12060.6

calcisphere, brachiopod, dendroid stromatoporoid
(?Amphipora), stromatoporoid--coral (Thamnopora)
?doloboundstone.

12061.3

stromatoporoid ?boundstone with stromatoporoid porosity
patterns and celestite crystals.

12062.1

calcisphere, peloid, dendroid stromatoporoid (Amphipora),
blue-green algae--/--stromatoporoid ?doloboundstone with rare
celestite crystals.

12063.6

calcisphere, stromatoporoid, peloid dolowackestone with felted
and bladed anhydrite in nodule; stromatoporoid anastamosing.

12069.9

mottled, stromatoporoid dolomudstone with patches of
medium-sized, replacement dolomite rhombohedra, with felted
anhydrite nodule and bladed anhydrite.

12071.5

gastropod, crinoid, fenestrate bryozoan, ?dendroid
stromatoporoid (?Amphipora), ?algal grain, calcisphere,
peloid packstone with stylolites.
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12075.5

crinoid, ?dendroid stromatoporoid, calcisphere, peloid
dolowackestone.

12077.1

mottled, ostracode, ?dendroid stromatoporoid, peloid
dolowackestone with patches of medium-sized, replacement
dolomite rhombohedra, recrystallization, and with bladed
anhydrite crystals (some in rosettes).

12082.0

mottled, crinoid dolomudstone with blocky anhydrite; and
peloid dolopackstone with recrystallization and bladed
anhydrite.

12084.0

mottled, brachiopod dolomudstone with rare anhydrite
replacement and wispy stringers.

12084.4

dolomitic, ?dendroid stromatoporoid (?Amphipora), peloid
wackepackstone with recrystallization above; mottled,
dolomitic, brachiopod mudstone with rare blocky anhydrite
replacement and equant calcite-filled vugs.

12090.6

mottled and laminated, calcisphere, brachiopod dolomudstone.

12092.6

crinoid, calcisphere, brachiopod mudstone.

12095.1

oncolite, crinoid, brachiopod wackestone; and mottled
mudstone.

12098.1

mottled, calcisphere, tentaculitid, crinoid, brachiopod
wackestone with equant calcite-filled vugs.

12104.4

mottled, dolomitic, calcisphere, brachiopod mudstone.

12115.2

mottled, brachiopod mudstone.

12126.7

crinoid, brachiopod mudstone with disseminated pyrite.

12130.3

dolomitic, crinoid, brachiopod mudstone with rare felted
anhydrite nodules.

12144.8

mottled mudstone with felted anhydrite nodule; with interbed
of mottled, crinoid, tentaculitid, brachiopod wackestone.

12148.9

fenestrate bryozoan, brachiopod, crinoid packstone with equant
calcite-filled fracture.

12151.6

calcisphere, ostracode, brachiopod, codiacean algae (1)
packstone with fibrous-lining and central equant calcite spar
in brachiopods.

12155.9

brachiopod, ?cephalopod, tentaculitid, gastropod, bivalve,
crinoid, peloid wackepackstone with triple-point fractures
filled with equant calcite spar.
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12257.4

gastropod, ostracode, crinoid, bivalve, calcisphere,
intraclast, ?algal grain, peloid grainstone with bladed
anhydrite and with syntaxial overgrowths (intraclast with
oncolitic coating).

12159.0

mottled, tentaculitid, ostracode, gastropod, crinoid
wackestone with triple-point fractures filled with equant
calcite spar, burrows lined with pyrite.

12167.0

mottled, trilobite, tentaculitid, crinoid, bivalve, brachiopod
packstone with triple-point fractures filled with equant
calcite spar and with rare anhydrite replacement.

12173.3

crinoid, brachiopod, tentaculitid mudstone with en escellon
triple-point fractures filled with equant calcite spar and
with felted anhydrite nodule.

12173.8

(L) brachiopod mudstone.

12182.8

trilobite, ostracode, bivalve, gastropod, crinoid, brachiopod,
ramose bryozoan wackestone.

12188.9

mottled, ostracode, crinoid, tentaculitid mudstone with
triple-point fractures filled with equant calcite spar and
with rare anhydrite replacement.

12193.4

ostracode, tentaculitid wackestone with triple-point fractures
filled with equant calcite spar and with anhydrite nodule.

12199.3

crinoid mudstone above; ramose bryozoan, brachiopod, crinoid
wackestone with incomplete triple-point fractures and finely
comminuted material.

12200.5

crinoid, ramose bryozoan packstone above; fenestrate bryozoan,
ostracode, crinoid, brachiopod grainstone above; mudstone with
finely comminuted material aligned parallel with bedding and
with burrows filled with wackestone.

12202.7

ostracode, crinoid, brachiopod packstone with overpacked
fabric and pressure solution at grain-to-grain contacts.

12204.2

ostracode, fenestrate bryozoan, brachiopod, crinoid grainstone
above; brachiopod, crinoid packstone with stylolite, syntaxial
overgrowth and finely comminuted material.

12209.6

(L) crinoid, brachiopod wackestone.

12211.7

mottled, ?conodont, tentaculitid, ostracode, crinoid,
gastropod grainstone, wackestone, and mudstone with internal
molds of gastropods and rare triple-point fractures.

12213.6

ostracode mudstone above; ostracode, gastropod, crinoid,
brachiopod wackestone with incomplete triple-point fractures.
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12215.7

(L) brachiopod wackepackstone.

12217.2

coral (Favosites), trilobite, ostracode, gastropod,
intraclast, peloid, crinoid, brachiopod packstone.

12217.5

faintly laminated and mottled mudstone with patches of finely
comminuted material, rare anhydrite replacement, pyrite
concentrated along equant calcite-filled fractures.

12219.7

ostracode, fenestrate bryozoan, crinoid, brachiopod packstone
above; brachiopod wackestone with overpacked fabric and
pressure solution at grain-to-grain contacts.

12224.4

mottled mudstone and wackestone with finely comminuted
material in burrows above; gastropod, crinoid, brachiopod
packstone and grainstone with overpacked fabric, pressure
solution at grain-to-grain contacts and with abraded,
fragmented, bored fossils, some with micrite rims.

12226.4

mottled, dolomitic, gastropod, tentaculitid, crinoid,
brachiopod, gastropod, peloid wackestone and packstone with
anhydrite replacement.

12229.3

mottled and faintly laminated mudstone with pyrite
concentrated along lamina and in patches and with rare
celestite crystals.

12231.8

mottled mudstone with rare quartz silt (Ashern).
Six thin sections of Ashern are included in the set, but they
are not described.

NDGS Well No. 5257
11123.3

mottled and finely laminated dolomudstone.

11146.5

calcisphere, peloid dolomudstone to dolopackstone with blocky
anhydrite replacement of matrix.

11149.2

mottled and laminated dolomudstone with quartz silt and rare
patches of finely fragmented, pyritized ostracode shells.

11151.9

dolomudstone with anhydrite replacement.

11166.0

dolomitic, ostracode mudstone with anhydrite crystals with
quartz silt.

11168.6

laminated dolomudstone with hematite, pyrite concentrated
along lamina boundaries, and with anhydrite-filled fracture.
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RENVILLE COUNTY
NDGS Well No. 6286
7800.2

laminated dolomudstone with equant calcite-filled fractures
and slight faulting; most lamina are consistent in thickness
and details, other shrink and swell due to amount of crystal
growth within lamina.

7801.2

laminated dolomudstone with microstylolites and rare celestite
crystals and incipient anhydrite nodules.

7802.8

distortedly, laminated dolomudstone with microstylolites,
anhydrite-filled fractures and soft-sediment deformation and
faulting at time of deformation.

7802.9

distortedly, laminated dolomudstone with microstylolites and
equant calcite- and anhydrite-filled fractures.

7803.9

undulating, laminated dolomudstone with some microstylolites
and equant calcite- and anhydrite-filled fractures.

7804.9

mottled dolomudstone with rare felted anhydrite nodules.

7806.8

mottled dolomudstone with discontinuous streaks of organic
matter.

7808.S

mottled dolomudstone with discontinuous streaks of organic
matter.

7808.7

faintly laminated and mottled dolomudstone with rare felted
anhydrite nodules and soft-sediment deformation.

7809.0

mottled dolomudstone with felted anhydrite nodules of varying
sizes, beginning to coalesce.

7809.S

laminated and mottled dolomudstone.

7810.1

laminated dolomudstone with uneven lamination and
microstylolites.

7813.3

mottled, mudstone with microstylolites, stylolite, and
abundant celestite crystals.

7813.7

mottled mudstone with microstylolites and common celestite
crystals.

7814.S

mottled mudstone with rare celestite crystals.

7815.S

laminated mudstone with microstylolites, stylolites, and
abundant celestite crystals.

7817.9

laminated mudstone with rare micropeloids, microstylolites and
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rare celestite crystals.
NDGS Well No. 6624
7162.5

gray and hematitic dolomudstone with quartz silt and with rare
blocky anhydrite in vugs.

7186.5

mottled dolomudstone swirled with felted anhydrite.

7189.3

mottled dolomudstone with quartz silt.

7190.0

(L) intraclast wackestone with mud-cracked, laminated
dolomudstone in intraclast, and with stylolites surrounding
intraclast and with felted anhydrite in mud crack.

7192.0

dolomudstone swirled with felted anhydrite, with disseminated
pyrite and quartz silt.

7194.6

faintly laminated, porous, intraclast packstone; intraclasts
composed of ?stromatoporoid fragments with bladed anhydrite in
vugs.

7205.5

crinoid, coral (Thamnopora) dolowackestone with
disseminated pyrite.

7205.6

porous, crinoid, coral (Thamnopora) ?dolowackestone.

7205.7

porous, coral (Thamnopora), peloid ?dolowackestone.

7206.7

stromatoporoid ?dolowackestone.

7208.1

coral (Alveolites) dolowackestone.

NDGS Well No. 6684
7451.4

felted anhydrite swirled with dolomudstone.

7460.8

felted anhydrite swirled with dolomudstone.

7464.4

laminated dolomudstone with coalescing felted anhydrite
nodules with enterolithic fabric; anhydrite preserves
blue-green algal filaments (?Girvanella).

7464.8

laminated dolomudstone with ghosts of peloids, and with felted
anhydrite nodules which preserve ghosts of blue-green algal
filaments (?Girvanella) and with equant calcite-filled
fractures.

7468.4

laminated, peloid dolomudstone with small felted anhydrite
nodules.
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7469.7

peloid dolomudstone with vaguely laminated areas and small
felted anhydrite nodules.

7471.5

laminated dolomudstone with very small felted anhydrite
nodules.

7475.0

undulatingly laminated dolomudstone with bladed anhydrite in
vugs and with microstylolites.

7476.9

undulatingly laminated dolomudstone with microstylolites and
equant calcite- and anhydrite-filled "fractures" across and
between laminae and along crest of fold.

7481.0

vaguely laminated dolomudstone with fractures.

7484.4

mottled, dolomudstone with organic-rich stringers and open and
bladed anhydrite-filled vugs.

7485.7

mottled, dolomudstone with open and bladed anhydrite-filled
vugs.

7487.5

laminated dolomudstone with mottled areas and small anhydrite
nodules beginning to form as nuclei of anhydrite crystals,
intersect almost like rosettes.

7489.5

mottled and laminated dolomudstone with mud cracks.

7489.7

laminated dolomudstone.

7492.0

laminated mudstone with microstylolites and common celestite
crystals.

7492.2

laminated, peloid mudstone with microstylolites in half of
section.

7496.9

laminated, peloid mudstone with microstylolites and rare
celestite crystals.

7497.5

laminated mudstone with microstylolites, stylolite, and common
celestite crystals.

7498.7

laminated, peloid mudstone with microstylolites, stylolite,
and rare celestite crystals.

7503.0

laminated mudstone with small burrows within laminations and
with organic-rich material and microstylolites between
lamina.

7508.0

tentaculitid, crinoid, codiacean algae (1), bivalve,
ostracode, gastropod, stromatoporoid, oncolite wackepackstone
with blue-green algae in oncolites (Sphaerocodium).

7509.2

gastropod, ostracode, bivalve, brachiopod, oncolite, crinoid
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wackestone with Sphaerocodium.
7510.7

brachiopod, gastropod, crinoid wackepackstone with stylolite
with all sizes of crinoid ossicles.

7511.3

mottled, ?cephalopod, tentaculitid, gastropod, ostracode,
crinoid wackestone with pyrite lining ?burrows.

7514.1

tentaculitid, brachiopod, gastropod, crinoid packstone with
fossils, especially brachiopods, bored, abraded and
fragmented.

7515.3

bivalve, crinoid, ostracode, gastropod, ostracode, brachiopod
wackestone with ?burrows, fragmented shells, and stylolite.

7519.1

gastropod, ostracode, brachiopod wackestone with stylolites,
disseminated pyrite, fragmented brachiopod shells, and
stylolite.

7519.5

mottled, gastropod, brachiopod wackestone with pyrite lining
burrows and fragmented brachiopods.

7519.9

(L) gastropod, crinoid, brachiopod, dendroid stromatoporoid
(?Amphipora) packstone with disseminated pyrite and
spiralia visible in brachiopod.

7520.9

crinoid, brachiopod packstone with overpacked fabric, pressure
solution at grain-to-grain contacts, fractured and bored
shells and with rare anhydrite replacement.

7522.1

ostracode, bivalve, crinoid, brachiopod wackepackstone with
stylolite and rare anhydrite replacement.

7523.5

?conodont, crinoid, brachiopod wackestone with anhydrite
replacement of matrix and allochems.

7525.0

ostracode, crinoid, brachiopod wackestone with anhydrite
replacement of matrix and with ?triple-point fractures.

7528.3

dolomitic, mottled mudstone with anhydrite-filled fracture
and with quartz silt.

7529.3

dolomitic, mottled mudstone with anhydrite-filled fracture and
quartz silt (Ashern).
Remaining two thin sections in this set are also Ashern and
are not described.
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WARD COUNTY

NDGS Well No. 4923
6675.6

mottled, dolomudstone with recrystallization.

6676.7

calcisphere, peloid dolowackestone.

6678.0

mottled, porous, ?algal grain dolopackstone and ?dolomudstone.

6680.3

mottled, porous ?dolomudstone with wispy stringers and
pyrite.

6693.4

mottled ?dolomudstone with wispy stringers.

6710.9

crinoid ?dolomudstone with wispy stringers.

6713.4

crinoid dolowackestone.

6715.1

crinoid, coral (Thamnopora) dolowackestone with wispy
stringers.

6715.6

?dolomudstone with wispy stringers.

6724.7

dolomudstone with wispy stringers.

6734.7

?dolomudstone with wispy stringers.

6735.2

mottled dolomudstone with wispy stringers.

NDGS Well No. 4992
6848.5

intraclast packstone; intraclasts composed of calcisphere,
brachiopod dolowackestone with blocky anhydrite nodules.

6873.0

"intraclast" packstone with blocky anhydrite "matrix";
intraclasts composed of brachiopod dolomudstone.

6882.2

intraclast packstone; intraclasts composed of laminated
dolomudstone with mud cracks (thin-section is of a clast).

6889.9

intraclast packstone; intraclasts composed of mottled and
laminated dolomudstone with bladed anhydrite and minor shelter
porosity.

6905.2

brecciated, mottled, intraclast packstone; intraclasts
composed of dolomudstone with quartz silt and blocky
anhydrite-filled fracture.

6909.5

laminated, porous, peloid ?dolomudstone with blocky
anhydrite-filled vugs; dense laminae alternate with porous
laminae.

T

517
6913.6

mottled, porous dolomudstone with wispy stringers and blocky
anhydrite; medium- and coarse-sized dolomite rhombohedra.

6925.8

mottled dolomudstone with wispy stringers.

NDGS Well No. 5158
8825.3

faintly laminated, ooid, peloid grainstone and packstone;
bedded with laminated dolomudstone.

8828.4

(L) laminated dolomudstone with salt with soft sediment
deformation.

8830.7

dolomitic, laminated mudstone with fenestral fabric and minor
silicification.

8835.3

mottled and laminated, peloid dolomudstone with pyrite
concentrated along laminations; bioturbation disturbs laminae.

8836.9

brecciated, mottled dolomudstone with pyrite concentrated
along margins of brecciated fragments.

8843.5

porous, peloid dolomudstone.

8843.7

peloid dolowackestone swirled with felted anhydrite.

8844.4

peloid dolowackestone swirled with felted, rarely blocky
anhydrite.

8844.7

laminated, peloid dolowackestone swirled with felted
anhydrite.

8846.5

laminated dolomudstone with felted and blocky anhydrite in
fractures.

8846.7

laminated dolomudstone with pyrite and hematite concentrated
along laminations and with quartz silt.

8847.0

faintly laminated and mottled, ostracode dolomudstone with
disseminated pyrite.

8847.9

faintly laminated and mottled dolomudstone, and calcisphere
dolowackestone with disseminated pyrite.

8850.1

mottled, calcisphere dolomudstone with disseminated pyrite.

8851.3

faintly laminated and mottled, ostracode dolomudstone.

8851.7

calcisphere, ostracode mudstone with pyrite concentrated in
some ostracode shells and disseminated throughout matrix.

8852.1

mottled mudstone; and ostracode, calcisphere wackestone and
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packstone with pyrite concentrated in some ostracode shells.
8853.5

laminated mudstone with quartz silt; and calcisphere,
peloid, ostracode packstone with quartz silt and with pyrite
concentrated in fragmented ostracode shells; bioturbation
mixes two lithologies.

8854.6

dolomitic, laminated, ostracode, peloid packstone with quartz
silt and with pyrite concentrated in fragmented ostracode
shells.

8855.4

dolomitic, mottled and laminated, ostracode, peloid packstone
and wackestone with quartz silt and with pyrite concentrated
in fragmented ostracode shells.

8858.0

mottled mudstone with very small ostracode fragments.

8860.4

mottled mudstone with very small ostracode fragments.

8864.1

mottled, calcisphere, ostracode mudstone and wackestone.

8865.1

calcisphere, bivalve, gastropod, crinoid, ostracode packstone.

8865.S

calcisphere, crinoid, ostracode mudstone with some ostracode
shells together.

8867.3

mottled, calcisphere, crinoid, ostracode mudstone with
disseminated pyrite.

8869.4

mottled, ostracode mudstone.

8871.4

mottled, dendroid stromatoporoid (?Amphipora), crinoid,
peloid, ostracode wackepackstone with pyrite concentrated in
some ostracode shells and in some beds and with blocky
anhydrite replacement of stromatoporoid.

8872.3

crinoid, ostracode packstone lens within mudstone.

8873.3

crinoid, ostracode mudstone.

8874.2

calcisphere, crinoid, ostracode wackestone.

NDGS Well No. 5498
No thin sections made.

WILLIAMS O)UNTY
NDGS Well No. 25
No thin sections made.
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NDGS Well No. 4340
11489.5

mottled dolomudstone with quartz silt, felted anhydrite
nodules and isolated anhydrite crystals.

11489.9

mottled dolomudstone with felted anhydrite nodules and with
pyrite concentrated along wispy stringers.

11490.4

mottled dolomudstone with quartz silt.

11492.2

porous, mottled dolomudstone with open, dolomite- and/or
anhydrite-filled fenestral fabric.

11492.9

mottled dolomudstone with organic-rich stringers and horsetail
stylolites.

11495.4

laminated and mottled dolomudstone with felted anhydrite
nodules, bladed anhydrite-filled vugs and fractures.

11496.2

porous, mottled dolomudstone with open and anhydrite-filled
fenestral fabric.

11503.0

laminated dolomudstone with quartz silt, hematite and pyrite
concentrated along lamina boundaries.

11505.0

faintly laminated and mottled dolomudstone.

11507.2

mottled, dolomitic, calcisphere wackestone with preferential
dolomitization along bioturbated areas and with open, lined,
and dolomite-filled fenestral fabric.

11508.4

mottled, dolomitic, calcisphere, peloid packstone; and
dolomitic, calcisphere mudstone; both with open, lined, and
dolomite-filled fenestral fabric and with preferential
dolomitization of bioturbated areas.

11509.3

ostracode, calcisphere, peloid dolowackepackstone with bladed
anhydrite replacement of matrix.

11509.9

gastropod, peloid grainstone and packstone; separated by
organic-rich and stylolitic lens from dolomitic, brachiopod,
ostracode, calcisphere, peloid wackestone.

11510.5

calcisphere, intraclast, peloid packstone and grainstone.

11510.7

mottled, faintly laminated, peloid dolopackstone and
dolowackestone.

11511.7

ostracode, gastropod, calcisphere, peloid dolopackstone.

11511.9

ostracode, bivalve, gastropod, calcisphere, peloid packstone
and grainstone.
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11512.1

calcisphere, bivalve, codiacean algae (1), intraclast, peloid
grainstone; bivalves with micrite rims.

11513.4

ostracode, peloid, calcisphere, dendroid stromatoporoid
(Amphipora) wackestone; and dolowackestone with equant
calcite-filled fenestral fabric and with celestite crystals.

11514.2

mottled dolomudstone with open, dolomite- and anhydrite-filled
fenestral fabric.

11514.3

mottled dolomudstone with open, dolomite- and anhydrite-filled
fenestral fabric.

11514.5

brachiopod dolomudstone.

11515.3

brachiopod dolomudstone.

11515.4

brachiopod dolowackestone with blocky anhydrite.

11520.2

mottled dolomudstone.

11522.4

gastropod, ostracode, ?codiacean algae, brachiopod, crinoid,
peloid, stromatoporoid ?dolopackstone with bladed anhydrite
replacement of matrix.

11525.0

calcisphere, ostracode, coral (Thamnopora), crinoid,
brachiopod, codiacean algae (1), peloid dolopackstone.

11526.2

stromatoporoid, brachiopod, crinoid dolowackestone with blocky
anhydrite replacement of allochems.

11526.3

dolomitic, brachiopod, codiacean algae (1), crinoid,
stromatoporoid, peloid ?boundstone.

11526.5

coral (solitary rugosan), calcisphere, brachiopod,
stromatoporoid, peloid dolopackstone.

11526.6

codiacean algae (1), bivalve, gastropod, brachiopod, crinoid,
coral (?solitary rugosan), stromatoporoid dolopackstone.

11526.9

dolomitic, calcisphere, coral (Thamnopora), codiacean
algae (1), bivalve, gastropod, crinoid, peloid stromatoporoid
?boundstone.

11527.0

calcisphere, brachiopod, gastropod, crinoid, codiacean algae
(1), peloid, stromatoporoid (anastomosing) ?doloboundstone.

11527.1

calcisphere, brachiopod, crinoid, peloid, stromatoporoid
(anastomosing) ?boundstone.

11527.7

ostracode, brachiopod, ?stromatoporoid ?boundstone.

11527.9

encrusting bryozoan--stromatoporoid ?doloboundstone.
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11528.2

massive stromatoporoid ?doloboundstone.

11528.8

ostracode, bivalve, codiacean algae (1), gastropod, peloid,
encrusting bryozoan~stromatoporoid ?doloboundstone with
stylolites and bladed anhydrite.

11528.9

brachiopod, crinoid, laminar stromatoporoid ?doloboundstone.

11529.0

trilobite, calcisphere, crinoid, laminar stromatoporoid
?doloboundstone with fractured and faulted and with bladed
anhyrite replacement of allochems.

11529.6

brachiopod, ostracode, crinoid, coral (Thamnopora),
stromatoporoid (tabular growth form), stromatoporoid~coral
(solitary rugosan) ?doloboundstone.

11531.7

ostracode, brachiopod, crinoid, calcisphere dolowackepackstone
with finely comminuted material and disseminated pyrite.

11532.1

trilobite, ostracode, coral (Thamnopora), brachiopod,
crinoid dolowackestone.

11532.3

stromatoporoid~coral (Hexagonaria) dolowackestone with
felted anhydrite nodules.

11533.5

calcisphere, ostracode, crinoid, peloid dolopackstone.

11534.5

ostracode, brachiopod, crinoid, stromatoporoid dolowackestone.

11536.0

trilobite, stromatoporoid, calcisphere, ostracode, crinoid,
brachiopod dolowackestone.

11536.5

ostracode, calcisphere, crinoid, dendroid stromatoporoid
(?Amphipora), brachiopod dolowackepackstone with extensive
patchy dolomitization and minor anhydrite replacement.

11537.0

calcisphere, ostracode, ?codiacean algae, brachiopod, crinoid
wackepackstone with recrystallization.

11537.9

ostracode, ?codiacean algae, crinoid, brachiopod, peloid
dolowackestone.

11541.0

mottled, trilobite, ostracode, crinoid, brachiopod
dolowackestone.

11544.2

dolomitic, gastropod, ? codiacean algae, crinoid, peloid
wackestone.

11544.5

crinoid, ?codiacean algae, peloid dolopackstone and
?dolograinstone above; coral (Syringopora), codiacean
algae (1), brachiopod, peloid, crinoid dolowackestone.

11546.1

organic-rich dolomudstone above; ?codiacean algae, peloid
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wackepackstone.

11547.0

brachiopod, ostracode, calcisphere, codiacean algae (1),
bivalve, gastropod, crinoid, peloid packstone and grainstone
above; fenestrate bryozoan, crinoid wackestone with rare
bladed anhydrite.

11547.5

ostracode, coral (Syringopora, ?solitary rugosan),
bivalve, brachiopod, gastropod, crinoid, peloid dolopackstone
with recrystallization.

11547.8

tentaculitid, ?cephalopod, brachiopod, intraclast, bivalve,
?codiacean algae, crinoid, gastropod, peloid packstone with
rare bladed anhydrite.

11548.0 dolomitic, trilobite, ostracode, brachiopod, calcisphere,
bivalve, crinoid, gastropod packstone and with rare bladed
anhydrite.
11550.0

fenestrate bryozoan, brachiopod, crinoid, peloid packstone
above; mollusk, peloid packstone.

NDGS Well No. 4379

11165.3

laminated, ostracode dolomudstone with quartz silt.

11167.3

laminated dolomudstone with minor burrowing.

11170.6

lens of ostracode, gastropod, peloid packstone with
?blue-green algal filaments in matrix in mottled, ostracode
dolomudstone with quartz silt.

11171.5 mottled, ostracode dolomudstone with quartz silt.
11172.5

lens of ostracode packstone in faintly laminated dolomudstone.

11173.7

lenses of dolomitic, ostracode wackestone in fragmentedostracode dolomudstone with quartz silt.

11175.4

ostracode, peloid mudstone to packstone with interbedded
calcisphere, crinoid, ostracode, ?codiacean algae, peloid,
gastropod packstone.

11175.7

mottled, laminated dolomudstone; with lens of fragmentedostracode, peloid packstone with pyrite.

11175.9

laminated dolomudstone with equant calcite-filled fracture.

11179.8

laminated dolomudstone.

11180.3

laminated dolomudstone with equant calcite-filled ?fenestral
fabric.
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11181.S

laminated dolomudstone.

11182.9

mottled, calcisphere, ostracode, brachiopod packstone.

11188.1

mottled, dolomitic, tentaculitid, calcisphere, gastropod,
ostracode, crinoid, brachiopod, peloid wackestone with
organic-rich stringers.

11189.S

mottled, ostracode, ?codiacean algae, crinoid, brachiopod
wackestone; with rare peloid packstone.

11189.6

mottled, brachiopod, ?encrusting foraminifers, ostracode,
codiacean algae (1), gastropod, crinoid, peloid packstone with
pyrite above; mottled, calcisphere, brachiopod, crinoid
wackestone with disseminated pyrite.

lll90.9

mottled, dolomitic, calcisphere, ostracode, codiacean algae
(1), brachiopod, crinoid, wackestone.

11193.0

ostracode, brachiopod, ?codiacean algae, crinoid, encrusting
foraminifers--coral (solitary rugosan), peloid dolopackstone
with blocky and bladed anhydrite replacement in coral.

11194.7

brachiopod, coral (Thamnopora), dendroid stromatoporoid
(?Amphipora), calcisphere packstone with blocky anhydrite.

11196.7

mottled, ostracode, brachiopod dolowackestone with
organic-rich stringers.

11198.2

mottled, ?bivalve, brachiopod dolomudstone with blocky
anhydrite-filled fracture and vugs.

11200.8

coral (Thamnopora), calcisphere, peloid, dendroid
stromatoporoid (?Amphipora) dolopackstone.

11205.0

brachiopod, ostracode, ?dendroid stromatoporoid
(?Amphipora), calcisphere, peloid, coral (Thamnopora)
dolowackestone.

11206.3

?coral, calcisphere, dendroid stromatoporoid (Amphipora),
peloid dolowackestone and dolopackstone.

11206.6

dolomudstone with bladed anhydrite.

11208.9

?coral, calcisphere, ?codiacean algae (2), peloid
dolowackestone with bladed anhydrite replacement of ?coral and
matrix.

11209.7

calcisphere, coral (Thamnopora), ?codiacean algae, peloid
dolopackstone with bladed anhydrite in matrix.

11209.9

brachiopod, calcisphere, coral (Thamnopora), peloid
dolowackestone and dolopackstone.
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11212.7

calcisphere, dendroid stromatoporoid (Amphipora)
dolowackestone and dolopackstone.

11213.9

mottled, brachiopod, dendroid stromatoporoid (?Amphipora)
?dolowackestone.

11217.8

mottled dolomudstone with organic-rich stringers.

11221.0 mottled dolomudstone with stylolite.
11222.6

mottled, brachiopod dolomudstone with organic-rich stringers
and partial blocky anhydrite replacement of brachiopod and
matrix.

NDGS Well No. 4510
No thin sections taken.
NDGS Well No. 4597
No thin sections taken.
NDGS Well No. 4618
11651.0

organic-rich, laminated dolomudstone with pyrite concentrated
along fracture and bedding.

11653.1

brecciated, mottled and laminated dolomudstone with
disseminated pyrite and with open, dolomite- and blocky
anhydrite-filled fracture.

11654.2

mottled dolomudstone with disseminated pyrite as "patterned
carbonate".

11655.0

brecciated, laminated and thin-bedded (0.5 cm) dolomudstone
with blocky anhydrite-filled fractures.

11657.7

laminated and thin-bedded (0.5 cm) dolomudstone with small
felted anhydrite nodules.

11659.5

faintly laminated and mottled dolomudstone with pyrite
concentrated around vugs and with blocky anhydrite.

11660.0 mottled dolomudstone with disseminated pyrite as "patterned
carbonate".
11669.0

laminated and thin-bedded (0.5 - 1.0 cm), dolomitic,
calcisphere, peloid wackestone and dolowackestone when
completely replaced.
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11670.2

dolomudstone swirled with felted anhydrite.

11672.5

mottled, porous, ?ostracode dolomudstone with dolomite- and
blocky anhydrite-lined and -filled vugs.

11673.0

dolomitic, calcisphere, peloid grainstone and packstone with
peloids compacted, with short, fibrous, isopachous, calcite
spar outlining peloids and with bladed and blocky anhydrite
replacement.

11675.0

mottled, ?intraclast dolomudstone with rare blocky
anhydrite-filled fractures and vugs.

11676.0

thin-bedded (0.5 cm), mottled, porous dolomudstone with blocky
anhydrite-filled vugs, anhydrite replacement and with
stylolite.

11677.5

thin-bedded (0.5 - 1.0 cm) dolomudstone with organic-rich
wispy stringers and stylolites and with rare blocky
anhydrite.

11678.6

laminated dolomudstone with blocky anhydrite-filled vugs.

11679.6

laminated and thin-bedded (0.5 cm), dolomitic mudstone with
open fracture and with quartz silt.

11683.4

thin-bedded (0.5 - 1.0 cm), mud cracked, intraclast
dolomudstone.

11689.6

brachiopod dolowackestone.

11691.2

(L) dolomitic, stromatoporoid packstone.

11694.3

organic-rich, calcisphere, gastropod, crinoid, ostracode,
bivalve, peloid, brachiopod dolowackestone and dolopackstone
with stylolites.

11697.3

calcisphere, gastropod, bivalve, ostracode, brachiopod, peloid
dolopackstone with recrystallization and with rare bladed
anhydrite above; organic-rich, stromatoporoid, brachiopod
dolowackestone.

11697.8

dolomitic, brachiopod, calcisphere wackestone; with patches of
brachiopod dolowackestone.

11698.7

brachiopod, ?codiacean algae, calcisphere, peloid wackestone.

11700.0

brachiopod, stromatoporoid dolowackestone with bladed and
felted anhydrite.

11700.9

organic-rich, brachiopod, ?blue-green algae~stromatoporoid
wackestone.
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11704.0

tentaculitid, mollusk, ostracode, peloid, calcisphere
wackestone with felted anhydrite nodule.

11705.0

organic-rich, brachiopod, coral (?Thamnopora), crinoid
?dolowackestone.

11705.9

dolomitic, tentaculitid, ostracode, brachiopod, calcisphere,
mollusk, crinoid, peloid packstone.

11707.5

trilobite, brachiopod, ostracode, gastropod, ?dendroid
stromatoporoid, crinoid, coral (Thamnopora), ?blue-green
algae--stromatoporoid--coral (Syringopora--Alveolites)
dolopackstone.

11710.2

trilobite, calcisphere, fenestrate bryozoan, brachiopod,
crinoid, ostracode, stromatoporoid--coral (Alveolites)
dolowackestone and dolopackstone.

11711.4

encrusting bryozoan, stromatoporoid--coral (?Thamnopora),
stromatoporoid--/--coral (?Aulopora).

11711.6

organic-rich, ostracode, stromatoporoid, fenestrate bryozoan,
brachiopod, crinoid dolopackstone with brachiopod in growth
position which was probably attached to tabular
stromatoporoid, but now separated by stylolite (or attachment
organism has been entirely removed by solution).

11712.5

organic-rich, ostracode, fenestrate bryozoan, brachiopod,
crinoid packstone with blocky anhydrite and stylolite.

11712.8

(2) two thin sections:
1. fenestrate bryozoan, brachiopod, crinoid, ostracode, coral
(Thamnopora) dolopackstone with blocky anhydritefilled vugs, anhydrite replacement of allochems and with
stylolite.
2. brachiopod, ostracode, stromatoporoid, coral
(Thamnopora), crinoid ?dolopackstone with blocky
anhydrite replacement of stromatoporoid.

11719.9

intraclast, gastropod, coral (?Favosites, Syringopora),
brachiopod, bivalve, crinoid, peloid packstone.

11726.2

calcisphere, gastropod, crinoid, bivalve, intraclast, coral
(Alveolites), peloid packstone.

11731.2

dolomitic, trilobite, blue-green algae (?Girvanella),
ostracode, calcisphere, ?codiacean algae, crinoid, bivalve,
brachiopod, gastropod, peloid ?boundstone with stylolite.

11738.6

organic-rich, brachiopod wackestone with stylolite above;
trilobite, mollusk, crinoid, brachiopod packstone with
overpacked fabric, fractured grains and pressure solution
between grains, and with microstylolites above; mottled,
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calcisphere mudstone with distinct burrow filled with
ostracode, crinoid, brachiopod packstone.
11740.0

cephalopod, trilobite, gastropod, ostracode, bivalve, crinoid,
brachiopod packstone with equant calcite cements in geopetal
and molluscan fragments.

11741.9

brachiopod, crinoid wackestone above; and separated by
stylolites from trilobite, bivalve, ostracode, gastropod,
crinoid, brachiopod packstone above; mottled, brachiopod,
crinoid, bivalve, ostracode wackestone.

11744.1

tentaculitid, trilobite, brachiopod, crinoid, ostracode,
gastropod, bivalve wackestone with stylolites.

11746.0

ostracode, crinoid, trilobite, gastropod, coral
(Aulopora)~brachiopod packstone with stylolites.

11751.4

gastropod, bivalve, ostracode, crinoid, brachiopod packstone.

11754.1

(L) brachiopod, coral (Thamnopora), crinoid wackepackstone
with stylolite.

11755.7

brachiopod, trilobite, bivalve, gastropod, ostracode, crinoid,
coral (Syringopora) wackestone and packstone.

11756.1

mottled, trilobite, gastropod, crinoid, ostracode, brachiopod
wackestone with burrows more organic-rich than surrounding
matrix and with anhydrite- and equant calcite-filled vugs, and
with pyrite concentrated in stringers and in mottled areas.

11757.1

trilobite, gastropod, crinoid, ostracode, brachiopod
wackestone with equant calcite-filled fracture and with
disseminated pyrite.

NDGS Well No. 4916
12008.0

mottled dolomudstone.

12008.6

brachiopod, dendroid stromatoporoid (Amphipora)
dolomudstone with bladed anhydrite.

12009.5

dolomitic, calcisphere, ostracode, peloid wackestone with
rare bladed anhydrite.

12010.9

dendroid stromatoporoid (Amphipora), peloid
?dolopackstone.

12013.5

ostracode, stromatoporoid, peloid dolopackstone.

12013.9

dendroid stromatoporoid (Amphipora), coral (solitary
rugosan), peloid dolopackstone with anhydrite replacement of
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matrix within coral.
12015.5

mottled ?dendroid stromatoporoid dolomudstone with stylolite.

12016.0

laminated to thin-bedded (0.5 cm), ostracode, peloid
dolowackestone.

12016.9

mottled dolomudstone.

12017.7

mottled dolomudstone.

12017.9

vaguely laminated and mottled dolomudstone.

12018.3

mottled, dolomitic, brachiopod, peloid wackestone with
solution vugs, open and bladed anhydrite-filled.

12021.3

organic-rich, brachiopod dolowackestone with stylolite and
felted anhydrite nodule.

12022.7

organic-rich, brachiopod ?dolowackestone with stylolite.

12025.0

brachiopod, stromatoporoid dolowackestone.

12026.7

stromatoporoid, brachiopod ?dolowackestone.

12028.2

brachiopod, crinoid, peloid dolopackstone; with some areas of
dolomitic, brachiopod, crinoid, peloid packstone and with
stylolite.

12029.0

brachiopod, crinoid, peloid dolopackstone; with some areas of
dolomitic, brachiopod, crinoid, peloid packstone.

12030.4

brachiopod, crinoid, peloid dolopackstone; with some areas of
dolomitic, brachiopod, crinoid, peloid packstone.

12031.1

brachiopod, crinoid, peloid dolopackstone with stylolite.

12032.5

mottled, dolomitic, brachiopod, crinoid, ostracode, peloid
packstone; with some areas of dolomite replacement.

12035.3

brachiopod dolowackestone.

12037.7

mottled, organic-rich, ostracode, brachiopod dolomudstone.

12039.3

mottled, crinoid, ?codiacean algae, brachiopod,
dolowackestone; and ostracode, ?codiacean algae, mollusk,
brachiopod dolopackstone.

12040.5

?encrusting foraminifers--stromatoporoid--/--blue-green algae,
crinoid ?doloboundstone with organic-rich areas.

12042.6

organic-rich, trilobite, coral (Syringopora, solitary
rugosan), ostracode, crinoid, brachiopod dolowackestone with
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stylolite.
12046.4

encrusting foraminifers--blue-green algae--/--stromatoporoid-coral (Alveolites), ostracode, brachiopod, crinoid
?doloboundstone.

12049.2

coral (Alveolites), gastropod, brachiopod, bivalve,
ostracode, crinoid, peloid packstone and grainstone separated
from organic-rich, crinoid, brachiopod wackestone.

12049.7

mollusk, crinoid, brachiopod, ostracode, peloid dolopackstone
with felted anhydrite nodule.

12050.1

crinoid, coral (Favosites) ?boundstone.

12051.9

ostracode, brachiopod, crinoid, ?encrusting foraminifers-stromatoporoid--coral (Alveolites) ?boundstone.

12053.8

intraclast, ramose bryozoan, bivalve, coral (?Favosites),
gastropod, crinoid, ostracode, peloid packstone.

12054.7

dolomudstone above; tentaculitid, coral (Thamnopora),
crinoid, brachiopod dolopackstone above; dolomitic, mollusk,
brachiopod, crinoid, peloid packstone and grainstone.

12055.2

brachiopod, mollusk, crinoid, coral (Favosites) packstone
with stylolites.

12055.4

trilobite, tentaculitid, mollusk, brachiopod, crinoid
wackestone with bladed anhydrite.

12061.2

coral (Favosites) packstone with equant calcite-filled
intraparticle pores, first lined with fibrous cement and then
center filled with equant calcite spar.

12062.2

mottled, crinoid, brachiopod, ostracode, mollusk, peloid
packstone and grainstone with recrystallization.

12063.6

calcisphere, coral (Hexagonaria), mollusk, brachiopod,
crinoid dolopackstone with finely comminuted material.

12064.2

organic-rich, crinoid, brachiopod, coral (Hexagonaria)
packstone.

12064.3

organic-rich, crinoid, brachiopod, coral (Hexagonaria)
packstone.

12065.3

dolomitic, tentaculitid, intraclast, brachiopod, mollusk,
crinoid, peloid packstone and grainstone, allochems with
micritic rims.

12065.7

mollusk, coral (Thamnopora, ?Hexagonaria), ?codiacean
algae, crinoid, brachiopod wackepackstone.
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12067.5

organic-rich, crinoid, brachiopod, coral (Hexagonaria,
solitary rugosan) wackestone with equant calcite-filled
intraparticle pores, some open.

12068.4

coral (Favosites, ?Thamnopora), mollusk, crinoid,
brachiopod dolopackstone with equant calcite-filled shelter
porosity above; organic-rich, coral (solitary rugosan),
crinoid, brachiopod wackestone.

12070.8

tentaculitid, calcisphere, crinoid, mollusk, brachiopod
wackepackstone with stylolite and equant calcite-filled
fracture and with organic-rich areas.
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DESCRIPTION OF RELATED MATERIAL STUDIED OUTSIDE OF NORTH DAKOTA
Manitoba Quarries
A reconnaissance trip was made on October 14-15, 1980, in order
to compare the closest outcrops of the Winnipegosis Formation with the
subsurface cores in North Dakota.

Rock quarries visited are located in

the general vicinity of Lake Manitoba.

These quarries included four

in the Elm Point Formation and two in the Winnipegosis Formation.
Although two formations in this part of the section are recognized in
outcrop in Manitoba, they cannot be differentiated in the subsurface
(Baillie, 1955) and are there combined as the Winnipegosis Formation.
Two members of the Winnipegosis Formation are recognized in the
subsurface of Manitoba (and the western part of the outcrop region).
They are a Lower member, which roughly corresponds to the Elm Point
Formation of the eastern outcrop region, and an Upper member, which
corresponds to the entire Winnipegosis Formation of the outcrop region.
Therefore, both formations were visited in Manitoba in order to enable
complete comparisons with cores of the Winnipegosis Formation in North
Dakota.

The relationship of the outcrops with the Winnipegosis in the

subsurface has been discussed previously in the Stratigraphy Chapter.
The Elm Point Formation was seen in the Lily Bay Quarry (Canada
Cement Lafarge, Ltd.), Spearhill Quarry (Winnipeg Supply and Fuel
Company), and Steep Rock Quarry (Canada Cement Company); and the
Winnipegosis Formation in the Rosehill Quarry (abandoned), the Narrows
West Quarry, and the Overton Quarry.

The location map (Fig. 63) was

taken from the Dauphin Lake and Neepawa 1:250,000 scale topographic
maps published by the Surveys and Mapping Branch, Department of Energy,
Mines and Resources, Canada.
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Figure 63
Map with locations of quarries visited in Manitoba.
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Thin Section Descriptions: Manitoba Samples
Lily Bay Quarry - Elm Point Formation
Man 1-1

brachiopod dolowackestone.

Man 1-2

gastropod, peloid, poorly-washed grainstone.

Man 1-2

crinoid, brachiopod wackestone.

Man 1-2

brachiopod, intraclast dolowackestone.

Man 1-2

mottled, crinoid, brachiopod dolowackestone.

Spearhill Quarry - Elm Point Formation
Man 1-3

crinoid wackestone.

Man 1-3

crinoid wackepackstone.

Man 1-3

crinoid, brachiopod wackestone.

Steep Rock Quarry - Elm Point Formation
Man 1-4 (2)

brachiopod, crinoid packstone.

Man 1-4 (4)

brachiopod, bryozoan, crinoid wackestone.

Man 1-4 (5)

crinoid, brachiopod packstone with fragments aligned
parallel to bedding.

Man 1-4 (8)

calcisphere, brachiopod packstone.

Overton Quarry - Elm Point Formation
Man 1-8

porous dolomudstone.

Rosehill Quarry - Winnipegosis Formation
Man 1-5 (1)

dolomudstone.

Man 1-5 (2)

dolomudstone.

Man 1-5 (3)

dolomudstone.

Man 1-5 (4)

dolomudstone.

Man 1-6

porous dolomudstone.

1
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Narrows West Quarry - Winnipegosis Formation
Man 1-7

dolomudstone with salt-crystal pseudomorphs.

Man 1-7-top

peloid dolowackestone.

Man 1-7

peloid, stromatoporoid dolopackstone.

Man 1-7

porous, peloid dolopackstone.

Man 1-7-pele

peloid dolowackepackstone.

Man 1-7-pele

porous dolomudstone.

Man 1-7-coral

stromatoporoid, coral, peloid dolopackstone.

Man 1-7-coral

porous, peloid dolopackstone with porosity pattern.

Man 1-7-coral

coral, peloid dolopackstone.

Man 1-7-coral

coral, peloid dolopackstone.

Man 1-7

stromatoporoid, peloid doloboundstone.

Man 1-7

peloid dolopackstone.

Man 1-7-fen

porous dolomudstone with fenestral fabric.

Man 1-7-coral

coral dolopackstone.

Man 1-7-0

porous, peloid dolopackstone.

Man 1-7-0

porous, peloid dolopackstone.

Man 1-7-strom

peloid, stromatoporoid doloboundstone.

Man 1-7-strom

peloid, stromatoporoid dolopackstone.

Man 1-7-intra

brachiopod, coral, intraclast dolopackstone.

Man 1-7-strom

stromatoporoid dolopackstone.
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Montana core chips
The following two wells from Montana were studied in part:
Terra Resources--Grimstrud-Christianson #128
SW SE, Sec. 28, T34N, R56E; Sheridan County, Montana
(thin sections are labeled as Rainbow 1-28)
no production
Terra Resources--Brekke-Grimstrud #133
NW NE, Sec. 33, T34N, RS6E; Sheridan County, Montana
(thin sections are labeled as Rainbow 1-33)
production
In 1978, chips from these wells were provided by Inge F. Rapstine
of Santa Fe Industries, Amarillo, Texas, to Lee C. Gerhard, North
Dakota State Geologist at that time, for the purpose of comparison
of the Winnipegosis Formation in Montana with the cores studied in
North Dakota in this project.

Thin sections were prepared by James

Berg.
The thin sections were petrologically studied and named according
to Dunham's (1962) carbonate rock classification.

They are interpreted

to represent tidal flat lithofacies of deposition, and possibly other
completely dolomitized upper lithofacies seen in North Dakota.

Some

of the Terra--Grimstrud-Christianson #128 samples and most of the
Terra-Brekke-Grimstrud #133 samples have some anhydrite replacement.
Thin Section Descriptions: Montana Core Chips
Terra--Grimstrud-Christianson #128

(no production)

9712

mottled ?dolomudstone.

9716

mottled ?dolomudstone.

9718

mottled ?dolomudstone with stylolites and vugs.

9722

mottled, crinoid ?dolomudstone with vugs.

1
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9726

mottled ?dolomudstone with vugs.

9728

mottled, crinoid ?dolomudstone.

9730

mottled dolomudstone with wispy stringers.

9731

mottled dolomudstone.

9736

?dolomudstone with small, usually circular patches of
medium-sized dolomite rhombohedra.

9739

crinoid ?dolomudstone with bladed anhydrite-filled fracture.

9743

mottled, crinoid ?dolomudstone.

9744

mottled ?dolomudstone.

9746

?dolomudstone.

9747

?dolomudstone.

9749

organic-rich, mottled dolomudstone with wispy stringers.

9751

?dolomudstone.

9754

faintly laminated dolomudstone.

9758

mottled ?dolomudstone.

9759

organic-rich, mottled dolomudstone with bladed anhydrite
nodule.

9761

mottled ?dolomudstone.

9764

organic-rich, mottled mudstone with felted and bladed
anhydrite nodule.

9766

mottled mudstone.

9768

mottled mudstone with disseminated pyrite.

Terra--Brekke-Grimstrud #133

(production)

9884

mottled and faintly laminated dolomudstone with rare quartz
silt and fine sand.

9886

mottled mudstone.

9888

faintly laminated dolomudstone with bladed anhydrite nodule.

1
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9893

swirled felted anhydrite with mottled dolomudstone, with
anhydrite nodule.

9895

mottled dolomudstone with small felted anhydrite nodules and
quartz silt.

9897

brecciated, mottled dolomudstone with bladed anhydrite.

9901

dolomudstone.

9904

dolomudstone with small felted anhydrite nodules.

9907

swirled dolomudstone with rare felted anhydrite in matrix.

9910

mottled dolomudstone with regions of swirled felted and
bladed anhydrite.

9912

swirled dolomudstone and felted anhydrite.

9918

mottled ?dolomudstone with open and bladed anhydrite-filled
vugs and with wispy stringers.

9920

mottled dolomudstone.

9923

mottled dolomudstone with wispy stringers and stylolites.

9925

mottled dolomudstone with stylolites and bladed anhydrite in
fractures.

9930

?dolomudstone.

9931

mottled, crinoid ?dolomudstone.

9934

mottled ?dolomudstone.

9936

mottled ?dolomudstone.

9937

mottled ?dolomudstone.

9941

mottled dolomudstone with wispy stringers.
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